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Abstract
A rapid and ine^qiensive method has been developed for preparation of gram quantities 
of (-)-epiga]locatechin gaHate, the major flavanol of green tea. Under optimum 
conditions (pH 4, 30 mM caffeine), the formation of insoluble con^lexes between 
caffeine and the gallate esters of green tea brew is maximised. Separation of these 
precq)itates and decaffeination (by partition against chloroform) produces a gallate-rich 
fraction, wfrich, on partition against ethyl hexanoate, then propyl acetate, yields (-)- 
epigahocatechin gallate (purity 81 %).
The enriched (-)-epigallocatechin gallate fraction, together with (-)-epicatechin, (+)- 
catechin and gallic add were supplied to rats maintained on a purified CIO diet. 
Collection and analysis of urine sanq)les by HPLC enabled detection of metabolites of 
the fed test substances. (3ucuronide and suJ^hate conjugates (most probably 3-0- 
methylated forms of the parent conq)ounds and a ghicuronide conjugate of the ring- 
fission product, 3-hydroxyphenyÿropionic add) accounted for the major proportion of 
metabolites for (-)-epicatechin and (+)-catechin, vAaïsx, gallic add was predominantly 
metabolised to 4-0-methyl gallic add. (-)-£pigallocatechin gallate did not appear to 
be metabolised in a similar way to (-)-epicatechin and (+)-catechin — novel peaks on 
chromatograms of urine from rats fed this confound corresponded to gallic add and 
unchanged (-)-epigallocatechin gallate.
Quantification of certain urinary metabolites by HPLC and H NMR Wien (-)- 
epicatechin was fed to rats at a range of concentrations, enabled the formulation of 
dose-response curves linking output to intake. These methods were extended to a 
volunteer study with encapsulated green tea. Using these calibrations, estimated intake 
values were in close agreement with actual values of intake.
Results indicate that HPLC and/or ^H NMR profiling of urine has considerable
potential as a biomarker of exposure and merits further development.
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Introduction
Chapter One — Introduction
1.1 The Diet
1.1.1 Diet Composition
The diet of a given individual consists of many variable constituents, some essential to 
health, some non-essential albeit desirable for maximal physiological well-being. Diet 
can be divided into three main areas :
(1) Essential macro- and micro- nutrients
(2) Artificial food additives (preservatives and colourings)
(3) Conqxonents of natural foodstuffe, neither harmful or essential to health 
(anutiients)
Essential dietary conqxonents include macro-nutrients (protein, Ats, carbohydrates) 
and micro-nutrients (vitamins and minerals). For each conqxonent contained within 
these two classes, there will be a minimum requirement by the individual for 
maintenance of health. The correct balance of macro- and micro- nutrients must be 
achieved for optimum health — a frctor which depends on the unique physiology of 
the individual Adherence to recommended amounts of these dietary conqxonents 
(recommended daily allowance — RDA), laid down by government health agencies 
(e.g. MAFF) allows an individual to maintain their health to the level of the average 
population (although since this may not be ideal for them personally, optimum health 
may not be achieved by this regime). Extensive analysis of a vast range of foods and 
beverages provides constantly updated tables of data indicating representative amounts 
of macro- and micro- nutrients contained within. Hence, providing that an accurate 
record of consunqxtion of all dietary conoponents can be made (Section 1.1.3), the 
amount of protein, for example, in an individual’s diet can be quantified.
Many foods and beverages contain additives. These are chemicals (natural or 
synthetic), which may be added to aihance both appeal, (appearance, flavour, texture) 
and shelf life (preservatives/antioxidants) or to meet some other technological
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requirement. Regulatory bodies such as the EC and MAFF oversee the amount and 
type of any such additives which may be safely added to foods and beverages and 
manuBicturers by law, must display the EC codes for them on their products (e.g. 
butylated hydroxyanisole (BHA), an antioxidant is coded as E320 (Kirk and Sawyer, 
1991)). The strict control kept over such food additives, ensures the amount and type 
of each additive in any dietary component is accurately documented. Again, to provide 
quantitative information as to the amount of BHA, for exanqxle, in the diet, an accurate 
record of dietary conposition must be made (Section 1.1.3), then cross-referenced 
with additives data, which should be available from the manu&cturers.
The limits of the third category are not as easily defined as the previous two, although 
it is within this classification that tannins and polyphenols are placed. These substances, 
collectively known as fiavonoids, occur in probably all of the plant matter consumed in 
a typical diet. However, both the diversity and %emingly innocuous nature of 
flavonoid substances has not encouraged any detailed tabulation of their occurrence 
and content in foods to anywhere near the degree to which the micro-nutrients have 
been documented. It may be argued, that the essential nature of micro-nutrients, has 
necessitated their quantification in the diet, due to the adverse effects that ensue from 
dietary deficiencies (typified by scurvy — a disease resulting from breakdown in 
collagen fibres (Stryer, 1988) due to a lack of vitamin C in the diet). However, since 
the natural occurrence of flavonoids is synonymous with the presence of essential 
dietary components (e.g. vitamin C m fiuits), any deficiency in flavonoid content of the 
diet would be correlated with a deficiency in an essential dietary component. The 
subsequent decline in health, would be attributable in the first instance to a deficiency 
in the essential conponent, not the flavonoid deficit.
1.1.2 Dietary Burden
For a given chemical substance in the diet, (regardless of the preceding classification), 
if it in any way might aher the biochemical or physiological status of the individual, 
assessment of the dietary burden of that substance is inportant. Dietary burden can be
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defined as the amount of a substance consumed by an individual in a given time period. 
To define the dietary burden of a chemical, ‘X’ in the diet over a seven day period, the 
information required is :
(1) the exact quantity of each particular dietary conponent consumed in the seven day 
period; and
(2) the exact amount of substance ‘X’ in each of the dietary conponents consumed.
To meet the requirements of point (1), careful questioning of the individual about their 
diet, using a range of methods (Section 1.1.3) is required. Point (2) can only be 
satisfied by the use of accurate food conposition tables, (published by food analysis 
bodies such as MAFF), or by direct chemical analysis of all foods in question for 
substance ‘X’. Such food conposition tables list the quantities of most macro- and 
micro- nutrients of foods of a typical ‘Western’ diet, though are 6 r firom 
conprehentive for non-essential diet conponents. Alternatively, direct analysis of all 
foods consumed for substance X’ , though accurate, would be both time consuming 
and expensive. The requirements of both points (1) and (2) must be met, to allow an 
estimation of dietary burden.
1.1.3 Dietary Analysis Methods
Depending on the nature of the research and resources available, in terms of time and 
money, survey of diet is achieved by a variety of means, all of wdiich rely on one of the 
following methods :
(i) the subject recording their consunption of foods and beverages over a given 
period; or
(Ü) questioning the subject as to their consunption of foods and beverages over a 
given period.
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1.1.3.1 Diet Diaries
This procedure for diet survey relies on the subject keeping a diary of aH foods and 
beverages consumed in a given period. Its precision obviously depends on the 
accuracy of recording — both in the amounts of foods eaten (which are estimated in 
everyday measures — e.g. teaspoonfiils) and in the conpleteness of recording. Both 
intra- and inter- subject variation may occur (variation in ability to estimate portion 
sizes may occur over the diary period, together with the variation in estimation of 
portion measures between subjects) (Fehily, 1983). The use of estimated household 
measures does not require the use of weighing scales, providing innumerate subjects an 
easier method of measurement (Stockley, 1984). Although the period covered by the 
diary may be representative of the usual diet, it can only be used with accuracy for the 
actual period covered by the diet.
1.1.3.2 24 Hour Diet Recall
This method of investigation is attributed to Wiehl (1942), wfro enployed a rather 
longer 48-hour recall, than the usual 24-hour recall (Bingham, 1987). This survey 
relies conpletely on the memory of the subject, hence is likely to be subject to 
significant inaccuracies, if elements of the previous day’s diet are overlooked. Portion 
sizes are again estimated, using household measures. The survey time, covering only a 
single day, is hardly representative of the usual diet, hence any extrapolation to assess 
long term nutrient intake would provide poor qualitative data, and very inaccurate 
quantitative data. However, this method may be of considerable he%) wdien used in 
conjunction with other techniques such as the diet history method described below 
(Section 1.1.3.3).
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1.1.3.3 Diet Histories
Detailed questioning of the subject by a trained interviewer to ascertain habitual food 
intake is required, so that food intake over a long period of time may be estimated. 
This is a long established method, dating back to the 1940s, wdiere its use by Burke 
(1947) and Turner (1940) is reviewed (Bingham, 1987). The interview comprises two 
stages : (i) Questions concerning ‘usual’ consunption are asked, together with 
questions as to ‘actual’ consunption (taking the form of a 24 hour recall method — 
Section 1.1.3.2). As with the diet diary method (Section 1.1.3.1), food consunption is 
estimated in terms of household measures, although appearance of portion sizes with 
reference to photographs, models or real food, can be used (Fehily, 1983). (ii) The 
second stage involves more general questioning, as to food preferences and food 
purchases, to cross-check the information given in the initial stage. These two stages 
usually suffice, although a third — a three day diet diary may be taken, although this 
does not seem to enhance overall accuracy of the method and may even introduce 
inaccuracies w&ich contradict the previous two stages (Bingham, 1987).
1.1.3.4 Diet Questionnaires
As with the diet history method described in Section 1.1.3.3, this type of survey elicits 
information regarding habitual intake, rather than actual intake over a period of time. 
This method has the obvious advantage that data may be collected from a larger 
number of subjects over a wider area, than would be possible from interview by the 
researcher, since the conpleted forms may be returned by post (Fehily, 1983). Intake 
is quantified in a ‘frequency of consunption’ banded way — the respondent asked to 
estimate into wfrich band their frequency of intake of a certain food falls. This 
provides unambiguous answers for the researcher, whilst smpHfying the choice of 
response for the subjects, hence increasing survey response rate (Hunt, 1984). The 
nature of this type of investigation provides a qualitative picture of habitual intake.
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though since it relies on estimated recall of habits, does not record precise 
consunption data (Bingjham, 1987).
1.1.3.5 Weighed inventory
This technique requires a great deal of co-operation and motivation by the subject, due 
to the inconveniences of weighing and recording all foods eaten during the survey 
period. Inaccuracies may arise from non-specific recording of food type (e.g. 
composition of a food may vary between manufacturers, hence sinply stating the food 
type would provide insufficient detail (Fehily, 1983)). Inaccurate recording of food 
weights by the subjects and the problems arising from foods or beverages being 
consumed away from home, (where estimation using household measures may have to 
be substituted) may introduce further sources of error. The high level of intervention 
and the amount of time the researcher must invest in subject training, makes the cost of 
this method rather higher than the previous techniques.
1.1.3.6 Duplicate Diet
All foods and beverages to be consumed by the subject are prepared in duplicate, then 
one of the pair is analysed by the researcher (although a source of error is introduced if 
the duplicate is estimated rather than weighed (Bingham, 1987)). The form of analysis 
may be a ‘weighed method’, but A^ce this would be carried out by the researcher or 
other trained workers, a standardised method may be used, reducing the error factor 
introduced through food analysis by the subject. A considerable advantage of this 
method is that the researchers have an exact copy of the food consumed by the subject. 
Therefore if direct chemical analysis is enployed, a precise record of nutrient intake 
may be collected. Again, this technique is only accurate for the period of the survey 
and cannot be used to assess habitual intake.
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All of the methods described, therefore, are subject to inherent limitations, which will 
potentially give inaccurate estimates of consunption. Human nature also incurs mis­
representation due to: (1) underreporting of the true amounts of high calorie food / 
alcohol and (2) . misleading dielaiy alterations due to increased awareness of 
consunption (Bingham, 1991) and an attenpt to make the diet conform to the 
volunteer’s perception of the researcher’s preference.
1.1.4 Food Data Tables
The initial stage of the analysis of a subject’s diet begins with collection of data to 
determine the frequency and amount of all types of food and beverage in the diet. A 
short summary of the most common techniques enployed in this stage of data 
collection was given in Section 1.1.3. However, once this has been achieved, all data 
must be channelled into a common pathway of analysis — the use of food conposition 
tables (with the exclusion of direct chemical analysis of duplicate diets).
The values quoted in food conposition tables vary, depending on the methods of 
analysis used — fibre content of food can vary five-fold depending on the anafysis 
techniques (Englyst et al, 1983). Significant differences may arise from the use of the 
same food tables by different groups of researchers, due to variations in data 
interpretation from the initial diet analysis stage (Whiting and Leverton, 1960).
1.1.4.1 Urinary Blomarkers Of Consumption
A major problem encountered with the use of food conposition tables is their 
inconpleteness for some diet consthucnts. The trace element sodium is contained in a 
vast number of dietary conponents in highly variable quantities and is also added in 
random amounts to foods in the form of table salt. The methods of dietaiy analysis 
described in Section 1.1.3 are therefore of little use to record the amount of this trace 
element.
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Urinary sodium excretion provides a good measure of sodium consunption, since loss 
of sodium by other routes (sweat — minimal in cooler climates and faeces) is small 
(Bingham, 1987).
Sodium output is a biomarker of sodium hput. A biomarker is ‘any biochemical index 
in an easily accessible biological sanple that gives a predictive response to a given 
dietary conponent’ (Bingham, 1984).
The identification of a biomarker for a dietary conponent is a lengthy process, 
requiring considerable prior metabolic study, ideally;
(1) there must be no interference firom items of the diet other than that being measured.
(2) there must be no individual variation in response (to the consunption of the dietary 
conponent).
(Bingham, 1984)
The biomarker identified may be a metabolite of the original dietary conponent, but 
the metabolic pathway giving rise to the measured end-product needs to be fiilly 
understood, to assess whether other dietary constituents are metabolised by the same 
mechanisms. If this were so, the elevated levels of the biomarker recorded would 
consequently imply false levels of consunption.
A further consideration is the conpleteness of biomarker collection. It would be 
pointless attenpting to measure the total input of a dietary constituent, if collection of 
all available biomarker was incomplète. For urinary biomarkers it is inportant ffiat all 
urine is collected during the period of study to avoid this potential error. Urine 
collections are usually made over 24 hours and to check conpleteness of the sanple 
(Le. all voiding has been included in the sanple), researchers may supply subjects with 
a 24-hour dose of /x-aminobenzoic add (PABA) (three 80 mg capsules taken with 
meals). The urine sanple is analysed colourimetrically for PABA metabolite and any 
collections containing considerably smaller amounts of PABA than originally ingested 
are designated inconplete, hence would give misleading results for biomarkers of
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nutrient intake (Bingham and Cummings, 1983). This method supersedes the 
technique wliereby urinary creatinine levels were use to check sanple conplpteness. 
Creatinine output, oiigmaUy thought to be of a daily constant level, was reported to 
vary both within-subjects and between-subjects (Bingham and Cummings, 1985).
It was seen in Section 1.1.2, that a conplete record of the diet, together with a 
conprehensive chemical analysis of the dietary conponents are necessary to calculate 
dietary burden of a certain substance. The non-essential or non-nutrient nature of 
flavonoids, together with the classiflcation of a large amount of structurally different 
polyphenolic conpounds underneath this blanket term (Section 1.2.1), precludes 
quantification of the dietary burden of a single fliavonoid substance by classical 
methods because of the absence of relevant data firom food conposition tables. 
Therefore, the use of biomarkers of flavonoid consunption (e.g. their urinary 
metabolites) would seem an appropriate method by which to quantify their dietary 
burden. Whether the metabolism of each of the different classes of structurally related 
flavonoids is too similar to give novel metabolic biomarkers for a single class, will 
determine whether dietary burden of a single flavonoid conpound can be distinguished 
firom total flavonoid dietary burden.
1.2 Flavonoids
1.2.1 Chemical Structure
‘Flavonoid’ is a term used to classify a group of structurally related conpounds, 
ubiquitous in the plant kingdom All flavonoids are characterised by a common 
structure — a carbon backbone ; Cg—C3—Cg; two benzene rings (ring A and ring B) 
linked via the remaining three carbon atoms, which form a central heterocyclic ring 
(ring C) in the majority of flavonoids, but remains open in chalcones and 
dihydrochalcones. Figure 1.2 defines the structure of the typical flavonoid nucleus.
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Figure 1.1 Chemical structure of a flavonoid nucleus (Roger, 1988).
Flavonoids with a closed heterocyclic ling can be further classified, by the pattern of 
substitution about this central C-ring. Table 1.2 by no means provides a definitive 
guide to flavonoid confounds, but adequately demonstrates structural similarities 
between the classes.
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Family Structure Of 
Heterocyolc
Main Substances 
Name Hydroxylation
Flavan-3-ols
{catechins) ^OH
Catechin
Gallocatechin
5, 7, 3', 4' 
5, 7, 3', 4', 5-
Flavan-3,4-diols I j .CEÏ^  '"OH
L
Leucocyanidin
Leucode^hinidin
5, 7, 3', 4' 
5, 7, 3', 4', 5'
Anthocyanidins
Pelargonidin
Cyanidin
De%)hinidin
5, 7, 4*
5, 7, 3', 4' 
5, 7, 3', 4', 5'
Havonols XX
n
Kaenq)ferol
Quercetin
Myiicetin
5, 7, 4'
5, 7, 3', 4' 
5, 7, 3-, 4', 5'
Dihydroflavonols
A c/® ^ oh
IIo
Fustin
Taxifolin
7, 3', 4' 
5, 7, 3*, 4'
Flavones
IIo
i^igenin
Luteolin
5, 7, 4' 
5, 7, 3', 4'
Flavanones XX
&
Naiingenin
Butin
Eiiodictyol
5, 7, 4' 
7, 3', 4* 
5, 7, 3', 4'
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1.2.2 Flavonoids — Biosynthesis
The initial step of ^ th e s is  is the enzymatic conversion of phenylalanine (an amino 
acid, formed by the condensation of erythrose 4-phosphate (an intermediate in the 
pentose phosphate pathway) with phosphoenoÿyruvate (an intermediate formed 
during glycolysis), (Stryer, 1988)), into the CoA ester derivatives of substituted 
cinnamic adds. This is a process known as ‘general phenyÿropanoid metabolism’ 
(Ebel et al, 1974), or the shUdmate pathway (Walker, 1975). Subsequent conversion 
of the 4-coumaroyl-CoA to a chalcone initiates the secondary stages of flavonoid 
biosynthesis (Ebel and Hahlbrock, 1982), (Haslam,1982) and the formation of 
coirpounds with the structures shown in Table l  Ji,.l
The structural diversity of the flavonoids is huther extended by the 6 ct that they ofien 
occur as highly substituted molecules — functional groups include; various types of 
sugar molecule, coiq)led via C- and 0-glycoside linkages e.g. glucose, ihamnose and 
arabinose, and more generally on the A-ring (Walker, 1975); methoxyl and hydroxyl 
moieties (Ebel and Hahlbrock, 1982); sinople phenolic molecules such as gallic add, 
coupled via ester linkages.
Flavonoids also may occur as dimeric, even oligomeric units. The class of flavonoids 
termed flavan-3-ols (catechins) form dimeric units known as procyanidins, (commonly 
found in fluit bearing plants, consisting of permutations of the two isomers (+)- 
catechin and (-)-epicatechin), though the formation of oligomers of some twenty 
fliavan-3-ol units is not unknown (Haslam, 1982). In conq)arison with such ‘condensed 
tannins’, the ‘hydrolysable tannins’ consist of a central core of (usually) glucose, 
esterifled with gallic add (gallotannins) or ellagic add (ellagitannins) (Walker, 1975).
1.2.3 Occurrence Of Flavonoids
Flavonoids occur in many parts of plants and are of considerable biological signiflcance 
to them. The anthocyanin class of flavonoids are pigments, in the form of red-coloured
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flavylmm salts at low pH \^iiicli undergo structural changes at higher pH to give a 
bhieish hue (Hrazdina, 1982). Anthocyanidins are conunonly found in the flowers and 
fliiits of plants, inq)arting the flower pigmentation, inq)ortant for attraction of insects 
for the purposes of pollination.
Some flavonoids are structurally suited to conq)lex with protein molecules — 
hydrogen bonding, hydrophobic interaction, ionic bonding and covalent linkage are all 
thought be involved in the interaction (Kumar and S in ^  1984). It was this capacity 
that earned protein-binding polyphenol molecules the name ‘tannin’, due to their ability 
to ‘tan’ leather. Such molecules as the flavan-3-ol oligomers mentioned in the previous 
paragraph, could be termed tannins, though it is not the ability to tan leather that is 
important to the plants within \^hich such molecules are contained. The ability to 
complex protein acts as a defence mechanism against consumption by (herbivorous) 
animais. Consumption of such tannins can cause adverse effects on metabolism (in 
terms of protein digestibility and subsequent growth retardation) due to their 
complexation with dietary protein. Some animals (rats and mice) fed high-tannin diets 
correpondingly increase production of salivary proline-rich proteins (PRP) \^hich 
sacraflcially bind to dietary tannins, allowing proper absorption of dietary protein 
(McArthur et al, 1995).
1.2.3.1 The Polyphenols Of Tea Leaf
A particularly rich source of polyphenols is the leaves of the tea plant {Camellia 
sinensis). Further taxonomic classiflcation can be made; two varieties of the plant are 
harvested for their leaves — var. sinensis and var. assamica. As discussed in the 
previous section, polyphenols impart an astringency in the mouth on consumption and 
although this is a desirable quality in tea, the balance is vital. Hence the variety var. 
sinensis is most corpmonly used for green tea production due to lower polyphenol 
content than var. assamica (Takeo, 1992). The latter variety is used in the production 
of black tea, since during the enzymatic oxidation (Roberts, 1952) of the flavanols to 
form theaflavins and thearubigins, the original unpalatable astringency is modified to a
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different, acceptable taste. The class of polyphenol dominant in fi*esh leaf and green 
tea is the flavan-3-ols (catechins) — the gallate ester (-)-epigallocatechin gallate 
usually makes the largest contribution to the flavan-3-ol content (Section 2.1), the 
remainder eomdstmg of (—)-epigallûcatechiû, (—)-epicatechin gallate, (—)-epicatechm, 
(+)-catechin and (+)-gallocatechin. Gallic add (termed a sinple phenol — 3,4,5- 
trihydroxybenzoic add) is a major phenolic add in green tea lea( although other 
classes of flavonoids — flavonol-3-glycosides (e.g. quercetin), theasinensins (dimetic 
gallocatechins) and procyanidins (discussed in Section 1.2.2), are only minor 
constituents.
1.3 Physiological Effects Of Flavonoids
An early review by Willaman (1955) noted a considerable range of biological and 
physiological effects for a large number of flavonoids. The range of action was so 
great that the paper concentrated only on aglycone flavonoids. However, one 
significant aspect became clear — there appeared to be some flavonoids wiiich could 
bring about a physiological response opposite to that of another flavonoid. Since 
flavonoids all have the same basic Ce—C3—Ce nucleus, it was postulated that the 
diversity of physiological action was due to ‘the substituents on the 10 or 12 sites 
Wiere derivatives usually occur’. In the forty years since that publication, many more 
flavonoids have been isolated, an even wider range of biological action discovered and 
the mechanism by which these compounds exert their effects revealed to some extent.
The large amounts of both green and black tea beverage imbibed throughout the world 
contribute significantly to the polyphenol content of the diet. The considerable 
quantity and diversity of fiuits and vegetables consumed only serve to add to 
polyphenol intake. The significance of this fact becomes apparent, \^ e n  a survey of 
the literature citing the potent beneficial properties of dietary polyphenols is 
undertaken.
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There are three main areas of interest, in physiological action of flavonoids;
(1) Antioxidant action
(2) Anti-caicmogenic effects
(3) Anti-mutagenic activity
1.3.1 The Antioxidant Action Of Flavonoids
Before any attenpt is made to review the antioxidant action of flavonoids, a summary 
of the damaging oxidant species commonly found in biological systems is necessary.
1.3.1.1 Oxygen Chemistry And Free Radicals
Oxygen is a highly important element to a vast array of pedes (notable exceptions 
being organisms adapted to live under anaerobic conditions). Though vital to life for 
aerobic organisms, increases in the partial pressure of O2 above the normal level found 
in the atmophere («21 % O2 at 1 atmophere pressure), oxygen becomes toxic to the 
organism, and damage to the central nervous system occurs, typified by convulsions 
(Halliwell and Gutteridge, 1985).
The toxicity of oxygen at increased partial pressure is largely due to the formation of 
highly reactive (chemical) pedes called ‘fiee radicals’. A fiee radical may be defined 
as ‘any pedes capable of indpendent existence that contains one or more unpaired 
clectrous’ (Halliwell and Gutteridge, 1985). The unpaired electron of such pedes is 
denoted by ‘*’ and it is the highly reactive nature of these pedes \\hich causes 
disruption and damage to tissue.
The arrangement of electrons in the normal (ground state ^ZgOz) diatomic oxygen 
molecule is s u ^  that the two outermost unpaired electrons (with the potential to 
interact with the outermost electrons of other molecules and atoms), have parallel p in  
(Le. have the same p in  quantum number — according to Hunds rule, electron orbitals
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of equivalent energy will fill with one unpaired electron each, before a second electron 
of antparallel p in  joins each single existing electron to fill the orbital and obtain an 
inert noble gas electron configuration (McMurry, 1989)). Since the Pauh Exclusion 
Princple requires that only two electrons of opposite p in  may occipy an orbital 
(energy level), it follows that only pecies possessing unpaired electrons of opposite 
p in  to those in the outer oxygen orbital will react with oxygen Le. become oxidized. 
This restriction inpedes reactions of many non-radical pecies with oxygen, although 
this constraint is removed if there is an energy input to the oxygen molecule, to form a 
pecies known as singlet oxygen (^AgO]), Wiere the p in  of one of the electrons is 
reversed and will pair with the other electron \ ^ c h  now has opposite pin.
An increase in the reactivity of oxygen may also be brought about, by the addition of 
electrons to the oxygen molecule. Two important radicals formed by such a reaction 
are the siperoxide radical, O2 • and the hydroxyl radical, OH •. The superoxide ion is 
formied directly by the addition of one electron to ground state oxygen, wiiereas the 
addition of two electrons to ground state oxygen (indirectly) forms hydrogen peroxide, 
which then decomposes into the hydroxyl radical;
O2 ----------------------------- ► O2 * H O 2"  ► H 2O 2
2 OH"
figure 1.2 The interrelfltionships of oxygen spedes (Stryer, 1988).
A) The Hydroxyl Radical, OH"
Ions of transition metals such as copper and iron are commonly found in biological 
systems as co-6 ctors for proteins such as cytochromes and haemoglobin. Due to the 
nature of their electronic structure, they are able to undergo reaction with the pecies
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depicted in Figure 1.2. A conunonly recognised biologically significant reaction is the 
Fenton reaction (Halliwell and Gutteridge, 1985):
Fe** + H2O2 .  Fe®* +0H* + OH"
Copper salts can also undergo reactions to form hydroxyl radicals 
Cu* + H2O2 --------------- ► Cu^ + OH* + OH”
Ahematively, the excitement of water molecules by ionizing radiation and their 
subsequent honwlytic fission, forms hydroxyl radicals. This is one of the most reactive 
chemical pecies known, and undergoes three types of reaction with cellular 
constituents such as sugars, amino adds, phopholpids and nucleotides :
Reaction Mechanism Consequence Example
Hydrogen
abstraction
Removal of a 
hydrogen atom fiom 
a molecule.
Conversion of OH" to 
H2O, conveying radical 
status to die 
dehydrogenated 
molecule.
Damage to 
biological 
membranes by 
attack of 
phophatidyl- 
choline molecules 
contained therein.
Addition Hydroxylation using 
an unpaired electron 
in the target 
molecule.
Hydroxyl group 
introduced to the target 
molecule, concuiraitly 
inparting radical status 
to the new molecule.
Damage to the 
bases and sugars 
of DNA, indudng 
strand breakage.
Electron
transfer
Transfer of an
electron&omjtarget
conpound.
Formation of a new 
radical and an hydroxyl 
ion.
Production of a 
carbonate radical, 
C03* ' , a  
powerfid 
oxidizing agent.
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The connnon apect of the three types is the production of new radical pecies, all of 
Wiich may cause varying degrees of damage in vivo. Two of the more reactive types 
of radical formed are the alkox^d radical, R0 » (formed by electron transfer to 
hydroperoxides (ROOH) in a Haber-Weiss reaction (Section 1.3.1.1.B) and the 
peroxyl radical, ROO" (formed by reaction of O2 with a radical pedes, R"). The 
reactivity of these radical pedes decrease in the order:
OH* > RO* > ROO* > O2"
DNA / protein damage^ ^^  membrane / Ipoprotein damage®
(Shmc and Jovanovic, 1994)
The most reactive pedes, being least discriminatory in its reactions, will cause damage 
more locally to its site of formation i^ereas as reactivity decreases, the pedes will 
be able to travel firrther before reacting with a target molecule ®.
B) The Superoxide radical, O2*"
This radical is highly reactive in aqueous systems (though not to the extent of the 
hydroxyl radical) and can be formed in vivo by the incomplete transfer of electrons to 
molecular oxygen, although this is avoided \^Iiere possible due to the ddeterious 
effects caused by 0%* formation. Incomplete electron transfer from NADH and 
FADH2 to molecular oxygen during ATP synthesis (a process known as oxidative 
phophorylation) is a common source of O2*' (Stryer, 1988).
The hver is involved in the metabolism of a wide range of both endogenous and 
exogenous compounds. The metabolism of fordgn compounds is a complicated 
process, wliich invariably includes the action of a wide range of monooxygenase 
enzymes, largely contained in the endoplasmic reticulum of hver cells (Parke, 1968). 
The enzymatic oxidation of these compounds involves the plitting of diatomic oxygen
(O2), one oxygen atom being incoporated into the substrate molecule, the other
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forming water. This oxidation is mediated by the enzyme NADPH-cytochrome P450 
oxidoreductase \ ^ c h  catalyses the electron transfer from NADPH to the terminal 
conponent, cytochrome P450 (Shen and Kaper, 1993). Activation of oxygen is via 
two single electron transfers to cytochrome P450, hence is a possible source of O2* , 
and by dismutation, the source of H2O2 produced during the metabolism of drugs by 
this enzyme system (Kappus, 1993).
Another system that forms O2* , is the binding of oxygen to haemoglobin. The 
haemoglobin molecule consists of four subunits, each carrying an iron containing haem 
group. The binding of oxygen to haemoglobin remains reversible by virtue of the fret 
that the haem group is too bulky to allow close association of O2 with Fe(II) (and 
subsequent irreversible binding of O2 due to conversion of Fe(II) to Fe(III)), so the O2 
forms a temporary bond with the iron molecule (Wiich cycles between its two forms).
Fe"— O2 4----------► Fe^— 02*"
Decomposition of the ox>haemoglobin molecule will release these superoxide radicals, 
which are potential^ harmful for the erythrocytes (Halliwell and Gutteridge, 1985). 
Formation of superoxide radicals by these mechanisms are sometimes advantageous — 
e.g. defence by phagocytic cells against bacteria, but DNA degradation and erythrocyte 
haemolysis are just two of a number of effects caused by superoxide damage. Damage 
can occur by two different mechanisms, dpending on the nature of the environment.
(i) The interior of biological membranes consists of the hydrophobic region of the 
constituent phopholpids and provides a non-aqueous environment. Superoxide 
radicals contained within such a medium wiH be powerfid nucleophiles and could 
disrupt the membrane by attack on the carbonjd group of the ester linkage between the 
frtty adds and glycerol backbone of the phopholipids (Halliwell and Gutteridge,
1985).
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(ii) In an aqueous medhun, the superoxide radical undergoes a dismutation reaction (a 
concomitant oxidation and reduction of the same pecies). This reaction generally 
proceeds according to the equation :
O2* + O2* + 2ET  ► H2O2 + O2
However, H2O2 can undergo two types of reaction to form the more highly reactive 
hydroxyl radical Firstly a small input of energy allows the decomposition of H2O2 :
H2O2 ------------------------------- ► 20H-
Additionally, H2O2, may react with superoxide radical according to the equation.
H2O2 + O2" ------------------------ ► O2 + OH~ + OH*
This is known as the Haber-Weiss reaction, its occurrence in vivo accelerated by 
unbound iron ions.
C) Singlet oxygen, ^AgO:
This is not a radical as has been discussed previously, but can trigger the formation of 
such pedes, so is a potential causative agent of tissue damage. Singlet oxygen, is 
generated by photosensitization of a photosenshizer molecule (such as bilirubin, 
iü)oflavin or its derivative electron carriers, FAD and FMN) to an exdted state. This 
transfer of energy (from light to molecule) can then be diplaced onto an adjacent 
oxygen molecule, converting it to its excited state — that of singlet oxygen, wiiilst 
returning the photosensitizer molecule to its original state. Damage may arise from the 
excited photosensitizer molecule itself (type I mechanism) or from singlet oxygen (type 
n  mechanism).
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Singlet oxygen can then undergo one or both of the following reactions:
(1) Chemical combination — the incoporation of O2 into the target molecule.
(2) Transfer of energy to the target molecule, allowing the oxygen to return to the 
lower energy ground state. The target molecule is said to ‘quench’ the ^AgO]
Singlet oxygen may attack protein molecules and plays a part in Ipid peroxidation (in 
the formation of hydroperoxides) , leading to the disruption of biological membranes 
(Halliwell and Gutteridge, 1985).
Protection of biological molecules against damage by oxygen pecies (oxidation) by 
antioxidants can occur by two main mechanisms, dpending on \^4iether the oxygen 
pecies is a radical (or will lead to radical formation) or involves potentially damaging 
energy transfer from singlet oxygen.
Antioxidants therefore (i) chemically scavenge radical pecies, preventing
their chemical reaction with, or electron transfer to 
inportant biological molecules. However, the 
antioxidant may subsequently become a radical itseff 
exerting new detrimental effects; and
(ii) physically quench excited oxygen, dissipating the 
energy (sometimes as hght) without damage to 
inportant biological molecules (Halliwell et al, 1995).
There are numerous antioxidant agents contained within biological tissues, \\diich 
remove the oxidant potential of reactive oxygen pecies at their own epense. 
Glutathione (an endogenous trpp tide  — both free forms and forms bound to 
molecules with disu^hide groups exist) exerts its action in two ways. It is a scavenger 
of OH* and AgOi and is used as a substrate by glutathione peroxidase to remove 
H2O2 (and other peroxides) then recycled by NADPH Catalase enzymes (contained in
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subcelhdar organelles — peroxisomes) also remove H2O2. Superoxide dismutase is an 
erythrocyte protein that can pecifically remove O2* , by a dismutation reaction 
(described above). Uric acid is a product of purine metabolism and scavenges a range 
of radical pecies, though by nature of the scavenging reaction produces sHghtb  ^
reactive urate radicals.
There ^  also a number of small molecules consumed in the diet (though non- 
flavonoid in character) i ^ c h  are potent antioxidants. Incoporation of a-tocopherol 
(vitamin E) into cell membranes provides protection against Ipid peroxidation (a 
radical mediated chain reaction of polyunsaturated frtty acids (PUFA) leading to 
destruction of biological membranes) by donation of a hydrogen atom to PUFA 
radicals. The a-tocopherol radical consequently generated is relatively unreactive (due 
to delocalization over the aromatic ring of the unpaired electron of the oxygen atom) 
and unable to attack adjacent PUFA molecules (Duthie, 1993) preventing propagative 
damage. Ascorbic acid (vitamin C) acts synergisticaDy with a-tocopherol — bringing 
about its regeneration from the PUFA* wMst also being a good direct scavenger of 
reactive oxygen pecies (although under certain conditions will exert a pro-oxidant 
effect : ascorbic add reduces Fe^  ^and Cu^ to Fe^ and Cu  ^repectively. The reduced 
forms react with peroxides to produce peroxyl radicals frster than the oxidized forms 
and Fe^ and Cu^ react with H2O2 (Fenton reaction) to produce the highly reactive 
hydroxyl radicals (Section 1.3.1.1) (HalHwell, 1991)).
The Fenton reaction described above illustrates the pro-oxidant effect of free iron ions. 
Copper ions can also exert such effects, hence any substance with the ability to chelate 
metal ions and prevent such reactions could also be termed antioxidant. The proteins 
transferrin, lactoferrin and caeruloplasmin posses this ability, Wiereas albumin has 
pedfrc binding sites for copper (Halliwell, 1988) hence are all significant plasma 
antioxidants
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1.3.1.2 Proposed Mechanism Of Antioxidant Fiavonoid Action
Work in 1963 by Kajimoto, identified (-)-epiga]locatechin gallate and gaUic add as 
antioxidative conponents of tea leaf but it is only more recent studies that are 
beginning to quantify antioxidant potential in relation to fiavonoid structure. Oxidation 
of linoldc add in air was used to quantify antioxidant potential of (+)-catechin, (-)- 
epicatechin together with a mixture of the two, separated fiom green tea leaves. The 
ICso of these three fractions were similar to that of BHA and BHT but 100 fold less 
than for a-tocopherol (Tanizawa et al, 1983). Other studies demonstrate a positive 
correlation between (-)-epigallocatechin gallate content of green teas and antioxidant 
index, although levels of the other flavan-3-ols in the samples were not determined and 
so their contribution to the total antioxidant index of the tea sanple is unknown. All 
tea sanples had a higher antioxidant index than a similar concentration of vitamin C 
(Lunder, 1992).
Some studies attenpt to classify the nature of the antioxidant property of a flavonoid. 
Xanthine oxidase is an enzyme A^ch can generate superoxide radicals (Oz* ) during 
the conversion of xanthine to uric add, hence is ofien used to produce these radicals 
for quantification of antioxidant activity in vitro. Generation of radicals in non-enzyme 
systems can be used to cross-reference results obtained with xanthine-xanthine oxidase 
systems, ensuring that antioxidant activity is due to action of the test substance on the 
superoxide radicals, not inhibition of their enzymatic generation. Antioxidant activity 
due to the scavenging of superoxide radicals, is the major mechanism of flavonoid 
antioxidant activity, Wiereas non-flavonoid antioxidants may exert their effects at a 
later stage of radical production (Robak and Gryglewski, 1988) — Le. after the 
superoxide radical has been converted to the more highly reactive hydroxyl radical 
(Section 1.3.1.1). Therefore although flavonoids will not provide enhanced protection 
over non-flavonoid antioxldants in situations of direct formation of hydroxyl radicals 
(without intermediary superoxide radical formation), they will be superior to non- 
flavonoid antioxidants in circumstances A^ere superoxide radicals are the initial radical 
pecies formed.
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There is also evidence to demonstrate the radical-scavenging ability of flavonoids 
against the hydroxyl radical and the peroxyl and alkoxyl radical intermediates of Ipid 
peroxidation (Morel et al, 1993). a-Tocopherol can protect against Ipid peroxidation 
(Section 1.3.1.1) because of its radical scavenging ability, Flavonoids too, display this 
capacity througli their ability to act as hydrogen atom donors to the peroxy radicals 
formed during the process of peroxidation, hence breaking the propagation of radical 
attack (Torel et al, 1986). The protection provided by the antioxidant action of 
flavonoids against Ipid peroxidation is also thought to depend on their incorporation 
rate into cells, and their orientation in biological membranes. This interaction seems to 
be determined by the ability of flavonoids to reversibly anchor to the polar head group 
of phopholpids and their Iposohibihty — the presence of a glycoside moiety (as in 
rutin) preventing penetration of the flavonoid molecule into a model membrane (Saga 
et al, 1995). The origin of oxidant attack against biological membranes may therefore 
be inportant in patial terms — Le. Wiether the oxidant pecies originate fl'om within 
the hydrophobic region inside the membrane, or flrom outside the Ipid bilayer.
It was seen in Section 1.1.3. l.A, that iron can promote production of hydroxyl radicals 
via the Fenton reaction. Some in vitro studies indicate that flavonoids have a strong 
affinity for iron ions, though generally such action has only been demonstrated in non- 
biological systems. Apects of certain diseases can lead to the accumulation of iron in 
cells, hence may promote oxidant damage. The nature of such a circumstance has been 
studied by the use of iron-loaded hpatocyte cultures. (+)-Catechin, quercetin and 
diosmetin exert both radical scavenging properties and iron chelating properties (via 
the hydroxyl groups on the A- and B- rings (Nakayama et al, 1993), though the 
relative inportance of these individual mechanisms to the overall antioxidant effect of 
the flavonoids is unclear (Morel et al, 1993). The chelation of rutin with iron forms a 
stable conplex (stoichiometric ratio 2 :1) demonstrated by the absence of pro-oxidant 
effect in a model of Ipid peroxidation conpared with ferrous salt (FeS04). Quercetin 
also possesses this iron chelating ability and this has been suggested as a reason for the 
superior antioxidant performance of such flavonoids in relation to BHT — this too a 
scavenger of reactive oxygen pecies though not an iron chelator (Afrnas’ev et al, 
1989). This ability to chelate iron occurs naturally in plants; anthocyanidins with o
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dihydroxy groups on its B-ring form complexes with a range of metal ions (iron, 
aluminium, molybdenum and borate), this process perhaps reponsible for the blue 
pigmentation in some flowers (Walker, 1975).
It has long been suggested that flavonoids may be involved in a synergistic reaction 
with ascorbic add (Brucker and Szent-Gyorgyi, 1936). Evidence of this link emerged 
during investigation of anti-scorbutic action of ascorbic add and the necessary 
presence of a second frctor (sometimes termed ‘vitamin P’ and flavonoid in nature), 
hence analogies were drawn with the interaction of a-tocopherol and ascorbic add. 
Ascorbic add, iron(in) and O2 are necessary for the correct synthesis of collagen — a 
lack of tills connective tissue component, causing the weakened eapilhuies assodated 
with the bleeding seen in scurvy (Roger, 1988). This mixture can potentially cause the 
formation of pro-oxidant pedes, hence flavonoids may provide a required antioxidant 
effect, although \Ahether the iron-chelating properties of flavonoids would interfere 
with collagen formation is unclear. Consideration of a range of fliavonoids with regard 
to their ability to interact with ascorbic add (by examination of their redox potential), 
found that two of the requirements for antioxidant activity (the o-dihydroxy structure 
of the B-ring and the 2,3- double bond) were also essential for the oxidation of 
ascorbate to the ascorbyl radical (Bors et al, 1995). However, this potential for 
ascorbate oxidation is ofl&et by the chelating activity of flavonoids with metal ions: 
Cu^ ions catalyse the oxidation of ascorbic add to dehydroascorbate (in 
neutral/alkaline solutions), hence removal of these ions fl'om solution would prevent 
this reaction (Roger, 1988).
The use of members of different flavonoid classes in test systems, allows conclusions 
to be drawn about the correlation between their antioxidant capability and structure. 
At least one of the following structural conponents is a prerequisite for flavonoid 
antioxidant action:
(1) The odihydroxy structure of the B-ring.
(2) The 2,3- double bond in conjugation with the 4-oxo fimction m the C-iing.
(3) The 3- and 5-hydroxyl groups with the 4-oxo function in the A- and C- rings.
(Bors et al, 1990)
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Conpaiisons of antioxidant activity between the structurally different classes of 
flavonoid, must be made with care, since the many different radical generating systems 
and parameters of cytotoxicity used by different groups of researchers are not 
sufficiently similar to allow an overall ranking system of aniioxidaui efficiency to be 
made. Also steps must be taken to ensure that the flavonoids are exhibiting actual 
antioxidant activity and not inhibiting enzymes Wiich may induce radical formation 
(such as the inhibition of xanthine oxidase by quercetin and rutin (Robak and 
Gryglewski, 1988)) or enzyme systems in \Abich radical formation only contributes to 
part of the damage (ie. Ipid peroxidation involves both enzymatic mechanisms and 
attack by radical pecies (Toumaire et al, 1993)).
Whatever the performance in model systems, perhaps the most inportant consideration 
that must be taken into account is that polyphenols contained in the diet are subject to 
considerable structural modifications as they are metabolised by the gut (endogenous 
enzymatic action coupled with the activity of the gut flora) and liver. Section 1.4 
describes these processes in greater detail The three major structural changes that 
flavonoids undergo are a combination of :
(i) C-ring cleavage by gut flora (generally dpendent on the presence of free 5- and 
7-hydroxyl groups in the A-ring and a free 4’-hydroxyl group m the B-ring. An 
absence of a hydroxyl group or méthoxylation in these positions prohibits such 
attack by the gut flora (Griffiths, 1973). (Dehydroxylation of the ring scission 
product may follow, though dehydroxylation of intact flavonoids does not occur 
(Griffiths, 1982)!
(ii) Conjugation with various fiinctional groups (e.g. glucuronic add, suÿhate) by the 
liver.
(in) 0 -methylation and hydroxylation
Since antioxidant activity appears to be dependent on certain structural apects of the 
flavonoid molecule (as previously listed), then it seems likely that on consunption and
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subsequent metabolism, their structures may be modified to the extent that their 
original antioxidant properties disappear. If flavonoids were absorbed without such 
structural modification (generally, flavonoids with fewer hydroxyl groups and more 
methoxy groups are absorbed across the intestinal border unchanged (Siess et al, 
1989)) or their metabolites posses their own antioxidant action, then flavonoids might 
exert their antioxidant activity in vivo to the extent shown w&en tested in vitro.
The metabohc transformations described on the previous page give rise to more sinple 
phenohc conpounds — phenolic adds such as cinnamic, phenylacetic and benzoic 
adds, Le. possessing a Cg—C3, Cg—C2 and Cg—Ci backbone (from the B- and C- 
lings), rather than the Cg—C3—Cg backbone of flavonoids (Section 1.2.1). It 
therefore follows, that to aid extrapolation of in vitro flavonoid action, considerable 
advantages might be gained by the study of phenolic adds.
Ferryhnyoglobin is produced on oxidation of metmyoglobin vdth H2O2 and induces 
oxidation of unsaturated frtty adds. Prior addition of chmamic add derivatives (e.g. 
cafidc add and chlorogenic add) can limit production of ferryhnyoglobin in vitro 
(Laranjinha e/ al, 1995). The o-dihydroxy structure of the B-ring (which exists in these 
phenohc adds) is a prerequisite structural conponent for antioxidant activity of 
flavonoids, hence may also be the mechanism by which phenohc adds exert this effect. 
A large proportion of flavonoid metabolites have this odihydroxy structure of the B- 
ring, enabling flavonoid substances to behave as anti-oxidants at ah stages of 
metabolism.
The antioxidant function of caffdc add is also implicated in a model system of LDL 
(low density Ipoprotein) protection against oxidative damage. Caffdc add was found 
to act as a radical scavenger with certain effidency and also exhibited copper chelating 
abilities hence reducing the catalytic effects provided by these metal ions in this system 
(Nardini et a/, 1995).
In summary, it would appear that for flavonoids to exert any antioxidant effect in vivo : 
the gut must be bypassed (intraperitoneal injection) to inhibit gut-flora mediated ring
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fission; the required she of action must be accessible to external application (topical 
apphcation — see Table 1.3), or be reached before any metabolism of the flavonoid 
occurs (ie. protection against oesophageal cancers — Section 1.3.2.2); must be 
metabolised into conpounds which too exert antioxidant action.
Evidence also exhs, showhig flavonoids to exert pro-oxidant effects in vitro, although 
the production of oxidant pecies at physiological pH is small. (Canada et al, 1990). 
The in vitro pro-oxidant and antioxidant effects of galhc acid (and derivatives) have 
been called into question, (Aruoma et al, 1993) but again, these contradictory results 
must be conpared with ascorbic add, which although a dietary antioxidant of high 
regard, still exerts pro-oxidant effects in some situations.
As discussed in Section 1.3.1.1.C, singlet oxygen can cause damage to biological 
molecules. Singlet oxygen can chemically attack the 2,3- double bond of the C-ring of 
flavonoids (present in flavonols or flavones — see Table 1.2). This attack is 
potentiated by the presence of a hydroxyl group at position 3- of the C-ring, though 
substitution by a sugar group at this position retards the reaction. Flavonoids lacking 
tiiis structure are chemically inert to singlet oxygen (Toumaire et al, 1993).
The increased energy of singlet oxygen (conpared with ground state O2) can also 
damage biological molecules. Physical quenching of singlet oxygen disspates this 
energy, hence preventing damage. The stmcture of the B-ring is inportant in this type 
of reaction — a 3 ',4'-dihydroxy arrangement being ideal Specifically, an absence of a 
carbonyl group in the C-ring, together with the 3 ,4'-dihydroxy pattern of the B-ring 
provides greatest physical qu^chmg capacity (Toumaire et al, 1993). Again these 
stmctural requirements may not be met by flavonoids after they have undergone 
metabolism.
1.3.2 The Anti-carcinogenic Action Of Fiavonoids
Before any attenpt is made to elucidate the anti-carcinogenic action of flavonoids, a 
survey of the mechanisms of carcinogenesis must be made.
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1.3.2.1 Carcinogenesis
Cardnogenesis is a multistage process, whereby cells undergo changes that disrupt the 
control of the normal metabohc cellular processes. Such cancerous cells override the 
apects of normal cellular growth, dividing uncontrollably and infinitely to form a mass 
of cancerous cells known as a neoplasm (or more commonly a tumour, although 
technically tumour means ‘a swelling’ (Currie and Currie, 1982)). This dangerous 
combination of immortality and uncontrolled growth, coupled with their increased rate 
of glycolysis saps the resources and energy of the host animal, ofien to a frtal 
conclusion (Voet and Voet, 1990).
The DNA contained within cells codes for proteins wèich control cellular activity. Any 
modification of these coding sequences may cause expression of dysfunctional proteins 
winch may be unable to maintain a correct metabohc balance within the cell Such 
DNA modification can be brought about by attack of the constituent purine and 
pyrimidine bases — the coding sequence, or by interference with the processes of 
DNA rephcation and repair. Chemical agents wliich cause such DNA alterations can 
be either naturally occurring or man-made substances and are known as carcinogens. 
Some substances may only become carcinogenic once activated by the enzymatic 
metabolism of the hver, in its attenpts to aid excretion of the particular conpound 
(Section 1.4.3). Any agent wliich can prevent the chemical modification of DNA by a 
carcinogen is known as an anti-carcinogen.
Modification of DNA can also occur by radiation damage (ionizing radiation/UV h ^ t)  
or viral infection. Exposure of DNA to UV hght can cause adjacent pyrimidine 
residues (thymine/cytosine/ (uracil in RNA)) to become covalently linked, preventing 
its normal expression (Stryer, 1988). Viral DNA wliich codes for mitogenic 
substances can be inserted in the host’s DNA which on translation produces these 
frctors wliich mimic the mitogenic substances of the host, causing uncontroUed ceh 
prohferation and growth.
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There are muhple stages to the action of a carcinogen on a cell and its eventual 
development into a cancerous cell, hence anti-carcinogenic agents may exert their 
effect at any level to prevent the progression of disease:
Pro-carcinogen
Metabolic activation
Ultimate carcinogen
Reaction with DNA
DNA-carcinogen adducts
One or two cell cycles of DNA 
replication to form initiated cell
Initiated cell
Conversion of initiated ceU 
to pre^nraplastic cell
Pre-neoplastic cell
Chemopreventive activity
(1) Inhibit formation o f carcinogen by: 
•Blocking activation
•Diverting to less genotoxic metabolite
(2) Prevent ultimate carcinogen reaction 
with DNA by: -
•Interceptmg ultimate carcinogen 
•Enhancing carcinogen metabolism / 
excretion
(3) Stimulation o f DNA repair.
(4) Slow down promotion by: 
•Blocking promoting agents 
•Antioxidant activity 
•Anti-inflammatory activity
Conversion of pre-neoplastic cell. Reversion of neoplastic 
phenotype to neoplastic (cancer) cell
Neoplastic cell
Hgnre 1.3 The multistage modd of cardnogenesis and possible points of intervention 
by chemopreventive agents reproduced from (Ho et al, 1994).
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Carcinogenesis can be p h t into three main stages: (1) Initiation, (2) Promotion, (3)
Progression (Bertram et al, 1987).
(1) Initiation — the process wliereby the carcinogenic agent comes into contact with 
and modifies DNA of a cell
(2) Promotion — a stage of proliferation of the initiated cells.
(3) Progression — the phases of tumour growth and development up until its visibility 
and fiirther development into a metastasic tumour (a tumour wliich sheds 
cancerous cells wliich can then form secondary tumours elsewliere in the body). 
Some carcinogens cause initiation whereas others may only promote initiated (pre- 
neoplastic) cells. A cell is not cancerous when in the initiation stage, although the 
state of initiation is irreversible. Exposure of an initiated cell to a promotor agent 
decreases the period of latency of tumour development. Hence the development of 
a neoplastic cell is a matter of chance — the cell must primarily be exposed to an 
initiator and subsequently a promoter (Strube et al, 1992)
1.3.2.2 Mechanism Of Chemopreventive Action By Flavonoids
As demonstrated in Figure 1.3, there are four general techniques by which
chemopreventive action can be effected. The following survey summarises the
chemopreventive action of fiavonoids under these four general areas of action.
(1) Inhibition of carcinogen formation.
(a) Chemically, by reaction of the flavonoid with a pre-carcinogen to prevent its 
metabolism by the body to an ultimate carcinogen.
(b) By the inhibition of endogenous enzymes which activate a pre-carcinogen to an 
ultimate carcinogen.
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(2) Prevention of ultimate carcinogen reaction with DNA (initiation)
(a) Chemically, by reaction of the flavonoid with the ultimate carcinogen to negate its 
car^ogenic property (ie. function as nucleophiles, intercepting electrophihc 
ultimate carcinogens (Ho et al, 1994)).
(b) By the induction of endogenous enzymes wliich deactivate an ultimate carcinogen 
(ie. induce phase II enzymes that accelerate ultimate carcinogen removal (Ho et al, 
1994)).
(c) Initiation may be achieved by the production of reactive oxygen species and their 
attack of the ceE Flavonoids could quench or scavenge such spedes, preventing 
initiation.
(3) Stimulation of DNA repair — enhance DNA repair enzyme activity (Shimoi et al,
1986). Any chemical damage wliich distorts the DNA helix is detected, excised 
and repaired by enzymes (endonuclease, exonuclease, polymerase and ligase) 
(Currie and Currie, 1982), hence an agent winch induces production of these 
enzymes could enhance the DNA repair syËem, reducing expression of modified 
DNA.
(4) Slow down promotion (of initiated cell to neoplastic cell)
(a) Chemically, by the reaction of the flavonoid with the promotor to negate its ability 
to promote an initiated cell
(b) Promotion may be achieved by the production of reactive oxcygen spedes and their 
attack on the initiated cell (such attack causes inhibition of intracellular 
communication, resulting in enhanced cellular replication (Ruch et al, 1989). 
Flavonoids could quench or scavenge such spedes, preventing promotion.
(c) Inhibition of enzyme activities associated with cellular proliferation (Ho et al, 
1994).
(d) Anti-inflammatory activity of flavonoids.
Table 1.3 demonstrates the range of model systems used to assess the mechanism of
chemoprevention by green tea flavonoids, in relation to the classification above.
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Table 1.3 Cbcmopreventioii by flavonoids.
Flavonoid or source 
of flavonoid
Model System of 
Carcinogenesis
Mechanism 
(see above)
Reference
Green tea Prevention of nitrosamine 
formation in vivo and in vitro.
1(a) (Xu and Han, 1990)
(Nakamura and Kawabata, 
1981)
Green tea infusion 
(oral
administration)
(NDEA)-induced forestomach 
and lung tumours in mice
1(b). 2(a) (Wang et al, 1992 (1))
Green tea infusion 
(oral
administration)
(NNK)-induced lung tumours 
in mice
1(b). 2(a) (Wang et al, 1992 (1)) 
(Aganval et al, 1992) 
(Chung et a/, 1992)
Green tea infusion 
(oral
administration)
(NMBzA)-induced 
oesophageal tumours in rats
1(b). 2(a) (Xu and Han, 1990) 
(Wang et al, 1992 (2))
Black tea infusion 
(oral
administration)
(NMBzA)-induced 
oesophageal tumours in rats
1(b). 2(a) (Xu and Han, 1990) 
(Han and Xu, 1990)
Black tea infusion 
(oral
administration)
(NNK)-induced lung tumours 
in mice
1(b). 2(a) (Wang et al, 1992 (2))
EGCG (oral 
administration)
(ENNG)-induced duodenal 
tumours in mice
2 (Fujita et al, 1989)
EGCG (oral 
administration)
(NNK)-induced lung tumours 
in mice
1(b). 2(a) (Chung et al, 1992)
EGCG (oral 
administration)
Spontaneous hepatomas in 
mice
(Nishida et al, 1993)
Green tea
polyphenol fraction 
or Green tea 
infusion (oral 
administration)
(DMB A)-induced and UVB- 
light-induced tumorigenesis in 
mouse skin
1(b). 2(a) (Wang et al, 1989) 
(Wang et al, 1991) 
(Wang et al, 1992 (3))
Green tea
polyphenol fraction 
or Green tea 
infusion (oral 
administration)
(TPA)-induced tumorigenesis 
in SHK-1 mouse skin (model)
4(b). 4(c) (Wang et al, 1989) 
(Wang et al, 1991) 
(Wang et al, 1992 (3))
Green tea
polyphenol fraction 
or EGCG (topical 
plication)
Skin tumour promotion 
induced by TPA^ \^ 
Telocidin^\ Okadaic acid® 
and mirex®
4(b). 4(c) ®(Huangeta/, 1992)
® ®(Yoshizawa et al, 1987) 
® ®(Yoshizawa et al, 1992) 
®(Huang et al, unpubl.)
EGCG (perioral
ndminifitratinn)
Metastasis of B16 melanoma 
cell lines in experimental and 
spontaneous systems
(Taniguchi et al, 1992)
Green tea Nitrosamine-induœd 
formation of lesions and 
papillomas in the oesophageal 
mucosa of the rat
(Han and Xu, 1990)
Table continued on next page
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continued
Green tea 
polyphenols or 
EGCG
Benzo[a]pyrene diol epoxdde-2 
in solution
2(a) (Wang et al, 1989)
Green tea 
polyphenols
Mutation induced by A-methyl 
nitrœourea
2 (Wang e/a/, 1989)
EGCG (oral 
administration)
Irradiation of mice (C57BL/6) 
with y-irradiation to induce 
thymic lymphomas
(Haraetal, 1991)
Crude catechin 
powder (oral 
administration)
Subcutaneous inoculation of 
mice (ddY) with sarcoma 180 
cells
4(c) (Hara et al, 1985)
Crude catechin 
powder (oral 
administration)
(3MC)-induced tumour 
growth by subcutaneous 
injection
(Asai et al., 1986)
These systems of carcinogenesis in wliich the flavonoids exert chemopreventive effects 
illustrates their broad spectrum of action and covers only a fl'action of current 
flavonoid-chemopreventive research, the earher part of which is more fldly reviewed 
by Strabe et al, 1992.
A possible drawback to much of the research into the chemopreventive action of 
flavonoids is that the experiments generally test on models of only one step in the 
multi-stage process of carcinogenesis (Le. either induction or promotion), in an 
attenpt to specify mechanism of action, or test only in single organs. It is argued 
(Hirose et al, 1994), that chemopreventive potential should be appraised at whole body 
level at all stages of carcinogenesis since the different modifying effects on chemical 
carcinogenesis depend on the organ and time of administration (e.g. BHA enhances 
second stage forestomach carcinogenesis wMe inhibiting liver carcinogenesis — this 
type of discrepancy is also seen wlien assessments of antioxddant potential are made; 
diethylsdlboestrol is a potent inhibitor of Ipid peroxddation in vitro, but damages DNA 
in vivo, hence is termed a carcinogen (Halliwell, 1995)). The aqueous extract of black 
tea was deemed carcinogenic in a study (Kapadia et al, 1976), attenpting to correlate 
the h i^  incidence of oesophageal cancer m a certain population, with their habit of 
using herbaceous folk medicines. Aqueous black tea extract, administered 
subcutaneously in rats was seen to produce tumours at the site of injection. These 
tumours were histologically similar to malignant tumours, though no abnormalities
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were found elsewliere in the animals, and none of the tumours proved lethal, so 
wliether this model proved true carcinogenicity of black tea flavonoids is unclear.
1.3.3 Anti-mutagenic Activity Of Flavonoids
By definition, a mutagen is any agent that can cause a permanent change to the 
sequence of bases of DNA. Mutations to DNA can occur spontaneously (mistakes 
arising fiom incorrect DNA replication) — the substitution of one base pair for another 
the most common variety. However, DNA is a conplementary pair of strands, so 
damage to only one strand can usually be repaired, using the recprocal strand as a 
tenplate, hence maintaining the correct order (and pairing) of bases, conserving 
normal expression and therefore control of the cell If damage occurs to both strands, 
repairs can still be made, although the specific code is likely to be altered due to the 
lack of tenplate.
Chemical mutation occurs through chemical modification of the bases. Any consequent 
variation in pairing during replication will give rise to a new generation of DNA wliich 
contains a mutation.
Other types of mutation which may occur include the incorporation of base analogues 
into the DNA and the presence of molecules which sip inside the DNA helixc, in- 
between base pairs, causing insertion or deletion of base pairs.
As seen in Section 1.3.2, mutations are the basis by which cancerous cells form, hence 
it is not surprising that many chemopreventive agents are also antimutagenic. It is the 
type of chemopreventer that prevents direct attack of species (radical or not) on DNA 
that are direct anfi-tmfiagms. However, ehemoprevwc^s t o  reduce metabolic 
activation of pre-carcinogens by enzyme induction or inhibition might also be termed 
anti-mutagens. The Ames test, an assay for probable carcinogenicity, is based on the 
high correlation between mutagenicity and carcinogenicity — there is an 80 %
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correlatioii between confounds found to be carcinogenic in animal studies and those 
deemed to be mutagenic by the Ames test (Voet and Voet, 1990)
As anticÿated, the green tea flavonoids (\^^ch demonstrate a good degree of 
chemopreventiye action) are potent anti-mutagais. The diet is a source of mutagens 
(cooking protein-containing foods such as meat cause the production of quinolines e.g. 
IQ). In vitro tests demonstrate the anti-mutagenic effect of the flavonoids quercetin, 
myricetin and morin against such conq)ounds (AUdrick et al, 1986).
Black tea flavonoids (theaflavins and theaflavin gallates) are able to prevent the in vitro 
single strand breakage of DNA by H2O2 (presumably by exerting an antioxidant effect), 
and haice reducing oxy-radical induced mutation demonstrated by the Ames test 
(Shiraki e/a/, 1994).
A conq)arison of the antimutagenic effect of four types of tea extract (green, oolong, 
pouchong and black — hence varying ratios of flavan-3-ols and theaflavins) Aowed 
that they only exhibited antimutagenic activity against indirect mutagens (the indirect 
mutagen requiring metabolic activation by a liver extract (S9 fl-action)) and not direct 
mutagens (Yen and Chen, 1994) The authors suggested that previous evidence 
linking the inactivation of cytochrome P450 to (+)-catechin, e?q)lained their 
observations, since cytochrome P450 is the major enzyme in S9 flraction.
Other workers (Bu-Abbas et al, 1994 (1)) found aqueous green tea extracts to exhibit 
marked anti-mutagenic capacity against a range of indirect mutagens (activated by 
isolated microsomes or cytosol flraction) and two direct mutagens (although 
suppression of mutagenicity was greater with the indirect mutagens). Again, inhibition 
of the P450-mediated activation of the indirect mutagens was found to be responsible 
for anti-mutagenic capacity, together with direct interaction between the green tea 
extracts and the mutagenic species.
E^osure of rats to green tea for four weeks (2.5 % wA^ ) induced a selective increase 
in hepatic cytochrome P450 proteins (involved in the activation of pro-carcinogens to 
ultimate carcinogens) and proliferation of peroxisomes. These findings are not in
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accordance with the previous anti- mutagenic/carcinogenic properties of green tea, but 
it is postulated that these pro-mutagenic eflfects may be minor conopared with the 
scavenging effects of the green tea flavonoids (Bu-Abbas et al, 1994 (2)). In a similar 
study, this dose of grem tea was found to stimulate rat hepatic UDP-ghicuronosyl 
transferase activity, indicating an induction of this phase II enzyme Wiich mediates the 
detoxification (through conjugation) of carcinogens or their reactive intermediates 
(Bu-Abbase^a/, 1995).
Other reports (Siess et al, 1989) also indicate that oral administration of flavonoids can 
induce the monooxygenase and transferase enzymes responsible for the metabolism of 
carcinogens. Such effects were influenced by two structural attributes and the 3D 
shape that these characteristics confer on the molecule:
(i) The presence of flree hydroxyl groups — polyhydroxjdated flavonoids showed no 
effect while those lacking hydroxyl groups, or with methoxy groups did affect 
levels of these enzymes.
(ii) The presence or absence of a C2—Ç3 double bond in the C-ring. Flavone (with 
this double bond) increased both monooxygenase (phase I) and conjugating (phase 
n) activity, whereas flavanone (lacking this double bond), whilst having a similar 
effect on phase II activity had little effect on phase I activity.
1.3.4 Miscellaneous Physiological Activity Of Fiavonoids
Flavonoids exhibit a number of beneficial physiological properties, which though 
largely correlated with their antioxidant nature, display a wide array of protective 
properties. Four fiuther examples of this action:
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A)|jntercellular communication
MetaboHc communication between cells occurs via gap junctions — tubular protein 
structures bridging the intercellular I  space. Small molecules can pass from one cell to 
another in this way, maintaining the supply of metabohc substrates to cells distant from 
a blood supply (Voet and Voet, 1990). It is thought that disruption of intercellular 
communication results in uncontrolled cell rephcation in the promotion stage of 
carcinogenesis (due to the inpaired ability of non-transformed cells to inhibit the 
growth (promotion) of transformed cells via gap junctions (Esinduy et al, 1995)), 
hence flee radical-producing tumour promoters may mediate such an event. Green tea 
extract ((-)-epicatechin, (-)-epigallocatechin, (-)-^icatechin gallate and (-)- 
epigallocatechin gallate) prevents the inhibition of intercelhUar/ communication by 
radical generating systems in hepatocyte cultures (Ruch et al, 1989). Further studies 
reveal that green tea flavonoids may enhance gap junctional (mtÿceîhdarj 
communication in promotor treated cells — specifically, (-)-epicatechin gallate and 
(-)-epigallocatechin gallate, the latter exerting a more potent effect (Sigler and Ruch,
1993). The integrity of [int^celhilar! communication is a vital process in all cells and 
the protection of this system an inportant function of flavonoids.
B) Inhibition of HIV-reverse transcriptase by green tea polyphenols
Infection with human immunodeficiency virus (a retrovirus) is a causative agent of 
AIDS (acquired immune deficiency syndrome). As with viral tumour agents, HIV 
contains a reverse-transcrptase enzyme wèich causes the inclusion of the viral DNA 
into the host cell (T4-lynphocyte) DNA, the subsequent expression of the ‘new’ DNA 
guiding the infection process. Both the gallate ester flavonoids of green tea ((-)- 
epicatechin gallate and (-)-epigallocatechin gallate) and the theafiavin gallate esters of 
black tea are potent inhibitors of HIV-reverse transcrptase in vitro (Nakane et al,
1994).
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C) Inhibition of saccharide digestive enzymes
Flavonoids, because of their polyphenolic nature, are able to bind to proteins via their 
hydroxyl groups — the peater the number of hydroxyl groups, the stronger the 
interaction of these multidentate ligands with proteins via hydrogen bonding and 
hydrophobic interactions (Spencer et al, 1988). Enzymes are proteins, hence are likely 
to undergo similar conplexation with flavonoids — a significant flctor in the ingestion 
of dietary fiavonoids and the effects on digestive enzymes. Synptoms of intolerance 
to dietary polyphenols by ruminant animals are commonly seen in underdeveloped 
countries where food is scarce, and substitute foods (ofien with high polyphenol 
content) may be consumed (Kumar and Singh, 1984). In vitro inhibition of a-amylase 
(fi:om human sahva) and mahase and sucrase (firom homogenised rat intestinal b ru^  
border) by theafiavin gallates (firom black tea) and fiavan-3-ols (firom green tea) can be 
demonstrated, together with suppression of plasma-ghicose levels in rats supphed 
crude catechin powder (containing a large proportion of gallate ester fiavan-3-ols) 
prior to administration of a starch or sucrose ‘meal’. All inhibitory effects of the 
saccharide digestive enzymes can be attributed to the ability of fiavonoids to conplex 
with the enzymes, periiaps altering their structure, so that the enzyme-substrate 
interaction which rehes on the specific 3D shape of the enzyme molecule cannot 
proceed. In all cases, the presence of a galloyl moiety on the fiavonoid was necessary 
for this interaction (a process potentiated by increased gallation of the fiavonoid 
molecule) and optimised by the ‘epi-’ orientation of the gallated molecules (Honda, M. 
et al, 1994). The fiavonoid-protein conplexation process is also inpHcated in the 
inhibition of influenza virus infection, maybe due to the agglutination of the virus 
particles via the proteins on their surflce (Shimamura, 1994).
D) Inhibition of metastasic cell adhesion
Afier the initial formation of a malignant tumour by the proliferation of neoplastic cells, 
a second and more life-threatening condition may occur. Metastasis is the process 
whereby neoplastic cells are shed fi:om the tumour and circulate in the body until they
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colonise a new site, forming secondary tumours (Voet and Voet, 1990). The 
neoplastic cells must anchor themselves before colonisation commences, ahhoug)i the 
mechanism of cell adhesion remains unclarified. In a model system using mouse hing 
carcinoma cells and bovine hing endothelial cells (Isemura et al, 1993), the cell 
adhesion between the two cell types is inhibited by (-)-epigallocatechin gallate and (-)- 
epicatechin gallate but not (+)-catechin or (-)-epicatechin. The necessity of the gallate 
moiety in this process is enphasised by the ability of methyl gallate to inhibit the cell 
adhesion. Whether the mechanism of inhibition involves surflce interactions between 
the gallate moiety and one or both of the cell types is not concluded, although the 
inplication of the gallate moiety in enhanced protein binding activity of fiavonoids 
(Section 1.3.4.3.C) might be of some significance.
Consideration of these additional physiological effects of fiavonoids, acknowledges a 
fourth structural moti^ ostensibly responsible for their biological effect — namely the 
3-gallate moiety of the C-ring.
In summary, fiavonoids appear to exert a wide range of action both in vitro and in 
vivo. These molecules are potent antioxidants in a range of model systems and this is 
probably responsible for their anti-cardnogenic and anti-mutagenic action (the three 
structures necessary for antioxidant action having previously been discussed in Section 
1.3.1.2). A second mechanism of action is provided by the process of fiavonoid- 
protein conplexation and is inphcated in a range of physiological action wflere 
recognition is mediated by the specific protein conformation (enzyme action, cell 
adhesion and receptor recognition).
1.4 The Gut
This section is concerned with non-nutrient metabolism When such a conpound is 
ingested, the body may or may not derive use fi:om it — it may even cause detximental 
effects. There then follows a highly conplex array of mechanisms that process the
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substance, &dlitating the excretion of its residual conponents — metabolites (wflich 
like the original conpound may be usefld, harmful or inert to the body). Metabolism 
can be thus divided into;
(i) The physio-chemical processes wdiich determine absorption of the molecule from 
the gut lumen
(ii) The biochemical processes wdiich are responsible for its removal flom the body.
1.4.1 Absorption Of Fiavonoids From The Gut
The movement of substances flom the gut himen to the bloodstream which serves the 
intestine depends upon their transport across the hunen-membrane of intestinal 
epithelial cells. There are various modes of transport for the diverse array of dietary 
conpounds, highly Ipophihc conpounds able to cross the Ipid barrier of the 
membrane with relative ease (passive dififesion), whilst hydrophihc conpounds require 
active transport, mediated by trans-membrane proteins, which provide polar channels 
and tranport systems through the otherwise inpervious membrane.
Therefore, pertinent to the absorption process of non-nutrient conpounds is the extent 
to which they are Ipophilic or polar molecules. This is a 6ctor determined not only by 
the overall structure of the molecule, but to the degree of ionization of functional 
groups (non-ionized forms passing through the membrane more easily) — a Actor
depending upon the pK^ values of such groups and the pH of the lumen contents (low
pH in the stomach, changing to higher pH in the small intestine).
Flavonoids are characteristically pol>hydroxylated aromatic conpounds, and as such 
are all generally soluble in water. The extent of hydroxylation and the incidence of 
other functional groups (methoxy- groups, esterified phenohc adds and conjugated 
sugar molecules) diversifies the physio-chemical nature of fiavonoids, hence further
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conplicatmg the mechanism of absorption — a Act echoed by the scarcity of literature 
reAting to this Actor. However, at this time, anple data exists to show the presence 
of novel urinary conpounds after oral administration of flavonoids (Appendix One), 
providing unequivocal evidence of fiavonoid absorption by the gut. An attemative 
approach to the question of absorption, has been made by one group of researchers. 
Ileostomy patients (Le. having had their large intestine removed), were used to 
examine the absorption of quercetin, by quantification of the fiiavonoid in the effluent 
firom the terminal üeum Findings indicated that quercetin glycosides were better 
absorbed than the aglycone and peculation was made as to the possible role of active 
tranport of the fiavonoid molecule, mediated by a membrane sugar carrier (Hollman et 
al, 1995)
Glucose uptake by brush-border cells is mediated by Na^ ions. A Na^ gradient (low 
intracellular [Na^ ) is maintained across the luminal cell membrane by the action of an 
trans-membrane ATP driven K^/Na  ^ punp. Glucose is transferred across the 
membrane by the concomitant binding of glucose and Na^ to a carrier protein, which 
then undergoes conformational change to expose the glucose and Na^ to the 
intracellular side (Voet and Voet, 1990). Phlorizin, a polyphenolic ghicoside, inhibits 
Na^-dpendent glucose tranport, by interacting with the carrier protein — conpetitive 
inhibition — (the ghicose carrier protein recognising the glucose moiety of the 
molecule, binding to it instead of firee glucose). This binding is stronger than that with 
firee glucose due to the exctra interaction (hydrogen bonding) of the polyphenolic part 
of the molecule with the carrier protein (Diedrich et al, 1975)). Tannic and chlorogenic 
adds (and to a certain extient ferulic, caffdc and catechin), are thought to disspate the 
Na^ gradient, hence inhibit glucose uptake by intestinal pithelial cells (Welsch et al, 
1989). A recent publication describes the uptake of cinnamic add across the mucosal 
brush border of a segment of rat jejunum (Wolffiam et al, 1995). The conclusion 
reached, inplicates the involvement of a Na^-dpendent carrier-mediated process.
The similarity in the dpendence of both cinnamic add (and related conpounds) and 
glucose uptake on Na% together with data showing the uptake of the former to be 
saturable (Wolffiram et al, 1995) suggests that a carrier-mediated conponent might be
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reponsible for cinnamic add uptake. The inhibition of the glucose carrier by certain 
polyphenolic molecules (polyphenolic adds and phlorizin) appears be due to a 
combination of the conpetition for Na^ between the two carrier systems and the 
enhanced interaction (over flee glucose) of glucose-bound polyphenolic conpounds 
due to their ability for protein-conplexation. Alternatively, aglycone polyphenolic 
conpounds might induce conformational changes to the glucose carrier protein, 
rendering it dysfunctional
Understanding the mechanisms leading to the absorption of polyphenolic adds such as 
cinnamic add and other reAted (smgle ring) polyphenolic adds, provides a direct link 
to the absorption of flavonoids, since a certam degree of metabolism (medAted by both 
endogenous gut enzymes and the gut flora) takes pAce m the gut himen, before 
absorption occurs (Section 1.4.2).
1.4.2 The Gut-flora
Prior to birth, the lumen of the gut is sterile. At birth, the surrounding non-sterile 
environment quickly contaminates the gut and it is colonised by a wide range of 
bacterial and protozoa pedes, collectively known as the gut microflora. The flora 
maintain balanced symbiotic reAtionshps both collectively with the host and between 
the different strains, providing protection against colonisation of the host by harmful 
bacterA and aiding digestion and metabolism
1.4.2.1 Distribution Of The Gut-flora
Probably the greatest determinant of type and extent o f  colonisation by distinot 
bacterial strains is the pH of the contents of the gut himen. The mouth is of Airly 
neutral pH, and contains a considerable range of surAces for colonisation by the 
bacterA present m the vast array of substances and objects that enter the mouth. 
Hence, the mouth A a perfect environment for bacterial colonisation and as such, A the
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main source of bacteria entering the intestine. The add secretions of the stomach 
maintain a very low pH (which is subject to pedes variation), hence colonisation by 
large numbers of bacteria is inhibited, ahhougb growth does occur between meals 
when add secretions are low. As the stomach contents enpty into the duodenum and 
pass through the jejunum to the upper ileum, they are progressively neutralised and 
thus, there is some colonisation, albeit of a transient nature. Many of the intestinal 
bacteria are derived from add-resistant oral bacteria, hence waves of new organisms 
are brought down from the mouth with each meal (Gorbach, 1971).
Extent of colonisation beyond the upper ileum steadily increases in both terms of 
population size and permanence, (in humans the ileocaecal valve marking a distinct 
increase of anaerobic conpared with aerobic organisms (Scheline, 1973)). 
Colonisation in all pedes is extensive in the large intestine, becoming prolific in the 
Aeces. The type and site of colonisation varies between host pedes particularly and 
to a certain extent within host pedes. The upper small intestine of rabbits is similar to 
that of humans in that both are colonised by a less varied population of organisms than 
is found in other pedes of Aboratory animal (Scheline, 1973). In rodents, there is 
adhesion of bacterial Ayers to the gut wall at a Airly early stage m the alimentary tract 
(the gastric mucosa), although m man, thA adhesion to the mucosa A onfy seen m the 
mtestme (Drasar and Hill, 1974). ThA attachment A vA keratinized epithelial celA of 
the mucosa — the keratm conponent possibly anchoring the bacterA (Savage, 1970). 
The Ayer of mudn secreted by the mucosa A also colonised by certain types of 
bacteria, winch may utilise thA medium as an energy source.
1.4.2.2 Modification Of The Gut-fiora
(i) Gut secretion — A range of Actors modify the type, number and permanence of 
the bacterA constitutmg the gut flora. The types of secretion along the various sections 
of the gut determme the type of bacterial growth — Le. most are not resistant to add 
A the stomach whereas bile secretion m the small mtestine inhibits growth of only 
certam strains (Drasar and Hill, 1974).
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(ii) Gut motility — The gut conducts the unidirectional passage of food and then 
waste, hence gut contents are continuously mobile. This has a certain purgative effect 
on the bacterial colonies residmg m the gut, althou^ the movement slows consideabfy 
nearer the terminal portions of the mtestine, hence proliferation of bacteria at this pomt 
mcreases. The nature of the food mgested has direct relevance to this Actor, since the 
passage of different foodtypes varies considerably — it A widely accepted that a diet 
high m insoluble fibre enhances gut motility and so would be expected to have 
enhanced purging effects, leading to varmtion m type and exctent of gut flora, although 
deliberate attenpts to mduce modification m the gut flora by dietary changes supplies a 
large amount of conflicting results (Section (hi) below).
(üi) Diet — It migbt be expected, that the diversity of the conponents m the diet 
would exert the greatest effect on the colonisation of the gut by the flora. ThA 
propect has been excamined by a large number of researchers, wiio are of the general 
consensus, that no apprecAble modification of the gut flora can be made by dietary 
changes. Following either a high At, high protein or high carbohydrate diet for a 
period of three weeks (m humans), does not mduce any varmtion m total Aecal flora 
compared with a normal diet (Speck et al, 1970). The conponents of a normal diet 
provide nutrients, solid surAces upon which to replicate and mduce the excretion of 
digestive enzymes. If a liquid chemical diet (conplete m all nutrients) A consumed by 
humans, a significant All m both number and diversity of organisms colonising the 
lower gut occurs: the lack of digestion required by a chemical diet, allows rapid 
absoption from the gut, leaving inadequate amounts of nutrients for ordinary bacterial 
growth; the liquid nature of the diet Ails to provide the surAce area given by a solid 
diet, so surAces for colonisation are dpleted and any organisms relying on host 
enzymes for the metabolism of conplex chemicaA are left unsatisfied (Winitz et al,
1970). It appears therefore, that it A the physical nature of the diet and not the 
chemical nature that medmtes gut-flora colonisation. A further exmnple of dietary 
influence mchides the recent development of the concpt of ‘prebiotics’ (— ‘non- 
digestible food mgredients that selectively promote the growth and/or activity of one 
or a limited number of bacterA m the colon’) which allows selective modification of
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the colonic flora by the consunption of fincto-oligosacchaiides and (trans)galacto- 
ohgosaccharides (Roberflroid et al, 1995). This is an extension of the idea of probiotics 
— the consunption of ‘beneficial’ bacteria m the diet m an attenpt to supplement and 
promote colonisation of these strains m the gut (Gibson and Roberfroid, 1995).
(iv) Antibiotics — Probably the most extensive alteration m the gut flora (m a non- 
sterile environment) can be brought about by the administration of antibiotics. Some 
antibiotics are active only against certain strains of bacteria, so the gut flora can be 
selectively altered by the use of different antibiotics. Conplete removal of the gut flora 
is achieved by using a mixture of antibiotics, active against the broad pectrum of 
bacterial strains. Reduction m one or all bacterial pecies howev^, may invoke 
undesirable imbalances m the gut-flora as a whole or sensitisation to infection by 
pathogenic bacteria (Fmegold, 1970). Supplementation of the diets of food-reared 
animais with antibiotics promotes growth, hence is economically advantageous, 
although encourages the development of antibiotic-resistant strains of bacteria. 
(Williams Smith, 1970). Such antibiotic-resistant bacteria m animal products may 
cause harmful effects to the consumer, or residues of the original antibiotic may still 
be present m the food, posably mdudng modification to the gut flora of the eonsumer, 
hence deleterious effects similar to those Aced by the animal originally treated with the 
antibiotic (BoAseau, 1993).
(v) Germ-free animaA — Animals bom by caesarean section mto a sterile 
environment will be remain m thA state — there will be no colonisation of their gut, as 
m conventional animals bom normally m a non-sterile environment (Luckey, 1970). 
ThA germ-fiee condition A propagated by breeding the original germ^fiee animals m 
the same sterile conditions, enabling the young to be bom normally and remain germr 
flee. The germ-fiee animal housed m an isoAtor A supphed with filtered air, irradAted 
food and autocAved water. Germ-fiee animals are used m conjunction with 
conventional animals to provide unambiguous information about the metabolism of 
certain foreign conpounds by endogenous enzymes alone, or an mtepAy of these and 
the gut-flora. It was through such experiments, that the variety of metabohc action 
leadmg to the metabolism of flavonoids was divided mto that due to bacterial action
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and that due to endogenous enzymes. Germ-fiee animals may be moculated with an 
mdividual pecies of microorganism (Luckey, 1970) or ahematively, a pedfic set of 
flora, such as might be found A the human gut, to Ad extrapoAtion fiom animals to 
humans in experimentA modeA (Mallett et al, 1987). Incubation with gut flora in vitro 
has been widely used to eAddate the bacterAl metabolism of flavonoids (Appendix 
One), though because of the potentAl problems A the extrapoAtion of results to the 
reactions occurring in vivo, thA type of study A best used to conplement animal 
studies, rather than rpAce them Germ-fiee animals may be safely conventionalised 
by removA fiom their isoAted environment, although due to the protective action of a 
gut-flora agaAst pathogemc bacteria, the animal wiH have lowered resistance to such 
attack during the period of conventioiAlisation (Hentges, 1970). ConventioiAIAation 
has been measured A terms of metabohc similarity (metabolism of propachlor) and 
quantitative similarity — the process takAg 56 days A the former parameter and 180 
days A the Atter (Rafler et al, 1983).
1.4.2.3 Gut-flora And Colon Cancer
Pro-cardnogens must be altered to cardnogens to exert their damage. The enzymes 
reponsible for such modification may be endogenous or produced by the gut flora. 
Specifically, the end products of four enzymes active A the AecA flora (bacterAl 
nitroreductase, azoreductase, |3-gAcuromdase and P-gAcoAdase) are inphcated A 
colon cardnogenesA and the leveA of each bacterAl enzyme can be altered by a Agh- 
beef diet (bacterAl nitroreductase[t], azoreductase[t], P-gAcuromdase[t] and P- 
gAcosidase[4.]) (GoldA and Gorbach, 1976), echoAg results fiom epidemiologic A 
studies lAlcAg Agh beef consunption to colon cardnogenesA. ThA alteration A 
bacterAl flora by dietary modification contradicts earher results (section I.4.2.2. (A)). 
The earher experiments generally made quantitative and qualitative measurements of 
AdividuA organisms A the flora, wfiile thA approach (GoldA and Gorbach, 1976) 
concentrates on leveA of bacterAl enzyme activity, hence thA may expAA the 
discrpancy — the Atter experiment peihaps more directly reAted to the mechanism 
of cardnogenesA.
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Dietary fibre is generally correAted with a lower mddence of colon cancer (Cummings 
et al, 1979) — m the rat, wheat fibre bmds cardnogens/mutagens, decreasmg their 
transit time through the gut and decreases mduction of a carcinogen- activating 
enzyme m the gut mucosa (Parke and loannides, 1994). Conponents of dietary fibre 
may be either unaffected (lignm) or fermented (some pectms, e.g. rhamnose) by the gut 
flora, hence may have some bearing on the mechanism of tins disease. Addition of 
pectin to the semi-synthetic rat diet caused an mcrease m caecA nitrate reductase 
activity (nitrite production fiom nitrate), though no signiflcant changes m quantity and 
type of bacterAl organism were seen, hence it was suggested that the existing flora had 
sinply mcreased production of thA enzyme A réponse to the added pectin (Wise et al, 
1982). ThA findAg would correAte with the discrpandes seen between, enzyme 
activity and flora numbers A the two studies described above — ie. the metabolic 
activity of the flora can be greatly modified by their Adudble and rpressAle enzymes 
without considerable change A totA popuAtion size and conposition (Chadwick et al, 
1992).
LeveA of gut-bacteiAl enzyme activity however, are found to vary signiflcantly 
between pedes. The caecum of a rodait A Ar larger (reAtive to the remaAder of the 
Atestine) than the human caecum and examAation of the caecA activities of the 
aforementioned bacterAl enzymes showed varyAg leveA between four pedes of 
rodent, and all (AcAdAg a marmoset), were unlike the enzyme profile of human AecA 
flora (Rowland et al, 1986), hence the use of animal modeA with their originA flora 
may be of little use A the extrapoAtion of the results to humans.
1.4.2.4 Metabolism Of Flavonoids By The Gut-flora
Use of the convmtionA and gam-free animals together with in vitro Acubations with 
gut flora, has allowed the characterisation of a wide range of metabohc reactions 
medAted by the gut flora. The reactions quite ofien are degradative A nature 
(hydrolysA and reduction) — bestowAg Ipophihc properties upon the molecule (both 
of a chenhcA nature and due to a reduction A molecule size) to Ad absoption
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(Scheline, 1973). Appendix One should be consulted for information regarding the 
pedfics of polyphenol metabolism The urinary metabolites of a range of flavonoids 
and polyphenolic adds are tabulated fi'om published results enconpassing the Ast forty 
years. The tables are by no means exhaustive, Athough they do demonstrate that gut 
flora pAy an inportant part m flavonoid metabolism, before absoption fi:om the gut, 
mdudng chemicA modiflcations which may enable or enhance their uptake by the 
mucosa. Also to be noted, is the array of pedes differences among flavonoid 
metabolism — a Actor most probably linked to the varying enzyme activities of the 
flora medAtmg the reactions m the different pedes. Below is a summary of the 
bacterAl enzymatic transformations pertment to flavonoid metabolism:
(i) HydrolysA of glycosidic linkages to form aglycones
Many flavonoid molecules are coupled to sugar molecules vA 0-glycoAdic linkages 
(i.e. vA a phenolic hydroxyl group), wdiich m plants makes the aglycon^ more soAble 
m the cell sap (Walker, 1975). If flavonoid-glycoAdes are to be absorbed across the 
cell membrane of the mucosA pithelial ceUs, then the sohibility that the sugar moiety 
confers on the molecule must be relmquished. The tables m Appendix One 
demonstrate feedmg of glycoAdes to conventionA animals or mcubation with gut flora 
in vitro mvarAbly results m the formation of aglycone metabolites (or flragments of the 
aglyconj^). GlycoAdes are not converted to aglycones m rats pretreated with 
antibiotics (GrifiBths and Smith, 1972 (a) and (b)) or m the germ fl:ee rat (GrifSths and 
Barrow, 1972).
In the human, pedflc bacterAl strams may be reponsible for aglycone formation A 
different flavonoids : Bacteroides distasonis hydrolyses robimn to kaenpferol, wfiilst 
Bacteroides uniformis and Bacteroides ovatus hydrolyse rutm to quercetin (Wmter et 
al, 1989).
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(ii) Cleavage of the central C-ring
Examination of the tables in Appendix One, demonstrate that there are two main 
molecular forms of flavonoid metabolite. Some metabolites contain the intact Cç— 
C3—Ce nucleus of the original molecule, whereas others are substituted Ce—Ci, Ce— 
C2 or Ce—C3 adds. The structure of the Atter group of metabolites (the adds) reveaA 
that cleavage of the flavonoid molecule (ring fission) has occurred. Studies with 
radioAbelled flavonoids demonstrate that cleavage occurs across the centrA C-ring — 
the add metabolites are formed firom the B-iing and the remainder of the C-ring, while 
the A- ring appears m some cases as phlorogAdnol, but always as repired CO2 
(PetrAds et al, 1959). Later studies with (+)-catechin, show that the B-ring too, A 
metabolised to CO2, though to less of an extent than the A-ring, that phenohc adds 
originate form the B-ring, but phen>d-y-vAeroActones arise fl'om both A- and B-iings 
(Das and Griffiths, 1969) and that 3-hydroxybenzoic add does not appear to be a ring- 
cleavage product (Griffiths and Smith, 1972).
Early studies with antibiotic pre-treatment, demonstrated that some metaboAes are not 
formed when the gut flora are absent :
• 3-hydroxyphenyÿropionic add and 3-hydrox)hppuric add formation flrom orally fed 
(+)-catechin m rats A suppressed by prior treatment with antibacteriA agents (Griffiths, 
1964).
• In untreated rats, 3,4-dihydroxyphenyAcetic, 3-methoxy-4-hydroxyphenyAcetic and 
3-hydroxyphenyAcetic adds are all found as urinary metaboAes of quercetin. 
Treatment with neomydn suppresses their formation (Nakagawa et al, 1965).
• In the gmnea pig, the major metaboAes are 3-hydroxybenzoic add and 5-(3- 
hydroxyphenyl)-y-vAeroActone. Production of both A suppressed by pretreatment 
with antibiotic (NB the Atter may be a precursor of the former) (Das and Griffiths,
1968).
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• A summary of the structurA groups of flavonoA and flavones which promote ring 
cleavage by gut flora are: (1) firee 5- and 7-hydroxyl groups (A-ring), (2) a fi^ ee 4'- 
hydroxyl group (B-ring) (GrifiBths and Smith, 1972 (a) and (b)).
Subsequent use of germrfiree animals reiterated the results of the early experiments — 
that in the rat, flavonoids only undergo ring cleavage in the presence of the normA gut 
flora (GrifiBths and Barrow, 1972). The conplete Ack of ring-cleavage products m 
the urine of germ-firee mammals and isoAted perfused livers clearly demonstrates that 
ring cleavage of flavonoids A wholly medAted by the gut flora (GrifiBths, 1982).
• In vitro mcubation of (+)-catechm with rat caccA contents provides evidence for 
partiA cleavage of the centrA C-rmg to give two diaryÿropan-2-ol metaboAes which 
are possible mtermedAtes m conplete ring cleavage (Groenewoud and Hundt,. 1984).
• In vitro mcubation of procyanidm B-3 with rat caecA contents demonstrates the 
conversion of the dimeric (+)-catechm to metaboAes similar to those of (+)-catechm 
(Groenewoud and Hundt, 1986).
• Blockmg the 3-hydroxcyl group (C-ring) with pahmtOyl m the rat (lAckett and 
GrifiBths, 1982) or by methyAtion m rat, mouse or marmoset (Hackett and GrifiBths,
1981) prevents rmg cleavage by the gut flora.
• Clostridium pecies of bacterA isoAted firom human AecA flora cleave quercetin, 
kaenpArol and naringenm between C-3 and C-4 of the C-rmg, though cleavage of (+)- 
catechm was not achieved by the same bacterAl strains (Wmter et al 1989). ThA 
demonstrates that the group at C-4 may be inportant m the selectivity of the bacterAl 
stram — quercetin, kaenpferol and narmgenm all have C=0 at C-4, whereas (+)- 
catechm is un substituted at this position. It coifld be visualised that each different 
stram of bacterA reponsible for ring cleavage A capable of producmg enzymes pedflc 
for only a certam ‘shape’ of flavonoid molecule, hence the inability of the above strains 
to produce an enzyme that can cleave both types of C-rmg.
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(ii) Introduction / removal of functional groups
• DehydroxyAtion of caffeic add (3,4-dihydroxydnnanhc add) A shown as a reaction 
medAted by the gut-flora A humans and rats, smce prior feedmg with neomycm arrests 
the production of 3-hydroxypheny%)ropionic add (Booth and Williams, 1963).
• DecarboxyAtion of gallic add to pyrogallol and 3,4-dihydroxybenzoic add to 
catechol occurs on anaerobic mcubation with rat Aeces and caecA or colon contents, 
though hot with small mtestme contents. DecarboxyAtion of these conpounds was 
also inhibited m antibiotic treated rats (Schehne, 1966)
• Incubation of 3,4,5-trimethoxydnnanhc add with rat caecA contents in vitro 
demonstrated that the bacterA were reponsible for O-demethyAtion, 4- 
dehydroxyAtion and hydrogenation of a double bond (Meyer and Schehne, 1972).
1.4.2.5 Effect Of Flavonoids On The Gut-flora
Section 1.4.2.3 iUustrated the types of metabohc action exerted by enzymes produced 
by the gut flora on the flavonoids. LeveA of these metabohc enzymes, can be mduced 
or dpressed (m a conparable way to endogenous-tAsue enzymes), to meet the 
metabohc requirements presented by the diet. A cAssic exanple A the Actose medAted 
mduction of P-gaActosidase m E.coli. (Wiseman, 1975), though adaption of the gut 
flora to the metabolism of cyclamate (a sweetner) by the mduction of sulAmatase 
activity by the substrate (Rowland, 1988) A another exanple. Rutin, mduces the P- 
glycosidase activity of the rat gut flora, wiiich medAtes the metabolism to quercetin, m 
a dose dependent manner (MaUet and Rowland, 1987) — similar results are seen m 
the mouse (with a concomitant reduction m caccA mass and totA popuAtion size) and 
with human flora in vitro (Chadwick et al, 1992).
Certam strains of the Clostridium pecies (of which some are found to cleave certam 
flavonoids between C-3 and C-4 of the C-ring — Section 1.4.2.4.(n)), are potentially
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harmful bacteria, and are a prevAent pecies m the gut of cancer sufferers and the 
elderly. The green tea polyphenoA (-)-pigallocatechin gallate and (-)-picatechin 
gallate inhibit the growth of C. difficile and C.perfringens, in vitro though the non- 
gallated flavan-3-uA are unable to arrest the growth (Aim et al, 1991). Green tea, 
equivAent to a dose of 10 cups/day is found to significantly reduce the numbers of 
certain faecA strains of Clostridium m human subjects (— the change A reversed when 
consunption of the tea terminated), though AecA enzyme activity remained 
unaffected, so whether the tea consunption provided any protective effects to the host 
A unclear (Okubo et al, 1992). A green tea feeding program m chicks, found various 
changes to the different conponents of the AecA flora over the duration of the 
experiment, but it was eonehided that the only significant effect of the tea consunption 
was a deodorant effect on the chicken Aeces (Terada et al, 1993). The generA 
conclusion drawn from these experiments, A that wliile green tea consunption may 
alter bacterAl popuAtion numbers to a certain exctent, the Ack of modification to 
bacterAl enzyme activity suggests that green tea consunption has little bearing on the 
host, m terms of gut flora enzyme activity.
There appears to be a deficit of information regardmg the possibility that gut flora 
enzymes are inactivated by the protem conplexcating action of fiavonoids. In Section
1.3.4.3.C it was noted that the action of saccharide digestive enzymes coAd be 
arrested by the presence of flavonoids and it woAd be of mterest to mvestigate 
wfiether thA action A repeated with gut flora enzymes and the possible consequences.
1.4.3 Metabolism Of Foreign Compounds By Endogenous 
Enzymes
In Section 1.3.2.1, the concpt of enzymatic activation of a pro-carcinogen to an 
ultimate carcinogen was mtroduced. ThA activation is part of a naturA process, 
utilAed by the body to remove foreign conpounds through excretion — it just so 
happens, that the chemicA nature of some molecules (pro-carcmogens) A such, that 
they are activated to more harmful chemicaA during clearance fiom the body.
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Conversely, some chemicals entering the body may be harmful in their native form, and 
clearance fiom the body brings about their deactivation.
The absorption of a foreign conpound through ffie gut, requires that the molecule is 
Ipophilic to a certain degree, to allow passive absorption through the epithelial cells of 
the mucosa, or that an active uptake mechanism operates if the molecules of the 
conpound are polar. Active tranport of Ipophilic conpounds across the membrane 
of intestinal epithelial cells, woAd be epected to require a certain degree of 
recognition of the conpound by the tranport protein — in terms of size and shape of 
the molecule. Sinple difiusion is thought to be largely reponsible for the absoption of 
foreign compounds by the gut (Parke, 1968).
Once in the bloodstream, the conpound will pass through the liver and be chemically 
modified to enhance the ease of removA fiom the body. RemovA may be via the 
urine, in wfiich case the modified conpound leaves the blood through the kidneys, or 
may be via the Aeces, in which case, it is excreted in the bile, back into the gut (a 
process which potentially promotes enterohpatic recycling of the conpound — 
Section 1.4.3.2).
Bile cannAcuUi run through the liver, hence as blood washes through the liver, foreign 
conpounds are absorbed into the hpatic parenchymA cells and metabolised (by the 
phase I and phase II reactions described below), then dpending on their chemicA 
nature and molecular weight, the metaboAes of the conpound will either pass into the 
bile by active secretion or back into the blood for removA by the kidneys. The 
excretory pathways of bile and urine are conplementary — the passage of metaboAes 
mto one or the other, highly dpendent on molecular weight. A the rat, chemically 
similar metaboAes of varymg molecular weight All mto three groups:
moL wt. < 350 : predominantly excreted m urme
mol wt.350 -  450 : excreted m both urine and bile (if one route is blocked the
other conpensates) 
moLwt. 450 -  850 predominantly excreted m bile
(Hkom et al, 1975)
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Additionally, these cut-off pomts are pecies dpendent. For a range of conpounds of 
mid-range molecular weight (355—495), A the rat, dog and hen, biliary excretion is 
extensive, whilst m the rabbit, guinea-pig and monkey, biliary excretion is poor (and m 
all pedes, biliary excretion is predominant for molecules of greater molecular weight) 
(Abou-el-makarem et al, 1967) NB conjugation mcreases the molecular wdght of 
these conpounds by varymg degrees, hence the actual molecular wdght cut-off pomts 
for excretion will be shghtly Agher than the above figures.
The polarity of a molecule is also an inportant Actor m biliary excretion — the 
presence of a strongly polar group bemg a prerequisite for biliary excretion. 
Conjugation reactions mediated by phase II enzymes attach groups wAch are AgAy  
ionized at physiologic A pH (e.g. gAcuromc add) to the fordgn conpounds. 
(Conversely, metaboAes already possessmg an ionizable group may be excreted mto 
the bile unchanged). It is also found that structurA differences between molecules can 
change biliary excretion, overridmg the previous two (though more generally 
inportant) Actors (Smith, 1973).
On entcrmg the body, a substance wAch is inherently fordgn will generally undergo à 
Phase I transformation, medAted by a mixed fimction oxidase system The terminA 
haemoprotem oftAs electron transfer system is commonly known as cytocAome P450 
(due to the absorbance maximum at 450 nm when conplexed with carbon monoxide 
(Parke, 1975)). Phase I transformations serve to mtroduce or uncover fimctionA 
groups (by oxidation, reduction or hydrolysis, etc.) to either enhance excretion (by 
mcreasmg polarity) or to provide substrates for Phase II reactions. It is the 
mtroduction of new fimctionA groups wAch may mcrease toxidty of (activate) the 
fordgn conpound. Phase II reactions mvolve conjugation of the modified fordgn 
conpound with various types of endogenous molecules (e.g. gAcuromc add, su^huric 
add, glydne, etc.) or groups (e.g. methyl groups), to mcrease the polarity, AdAatmg 
excretion. Conjugation often ‘blocks’ the fimctionA groups reponsible for the toxidty 
of the chemical, hence medAte a detoxication effect (Parke, 1968). Generally these 
two types of reaction are assodated with the hver (subcelAlarly m the endopAsmic 
reticulum (mainly phase I), cytopAsm (Phase II), mitochondria and nuclear envelope).
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however, other tissues also possess enzymes to execute these reactions, such as the gut 
wall (Gibson and Skett, 1994). The gut-flora can be cAssed as a further site for phase 
I and phase II reactions (Section 1.4.2) and are certainly inportant A the metabolism 
of conpounds subject to enterohepatic drcuAtion (Seetiuu 1.4.3.2).
1.4.3.1 Enzyme Induction
Both Phase I and Phase II enzymes are mducible. Adeed, until the advent of gene 
sequencmg, the Adudbility of an enzyme by a certam substrate (or group of 
substrates) provided cAssLhcation. The reAtive homology of gene sequences codmg 
for mdividual cytochromes (haemoprotems) has superseded thA system to form new 
division boundaries between AmUies and sub-fanhhes of P450 isoenzymes (Gibson and 
Skett, 1994). Aduction of these enzymes may be medAted by environmental Actors, 
dietary conposition and starvation and overfeedmg (Parke and loannides, 1994). The 
mduction of thA system by flavonoids A developed m Chapter Three.
1.4.3.2 Enterohepatic Circulation
Bile formed m the liver A secreted mto the small mtestme enablmg absorption of At 
afl;er their emulsiflcation by bile salts. The previous section described bile formation as 
a secretory pathway for foreign conpounds absorbed form the gut. It would therefore 
seem counter-productive to release these conpounds back mto the gut during the 
secretion of bile. A  the hypotheticA case of an mgested ultimate carcinogen, which on 
absorption and passage through the hver, becomes conjugated to gAcuronic add, 
(hence detoxified), secretion of bile containmg thA conjugate mto the gut, exposes it to 
bacterAl P-ghicuronidse and reactivation. Such recircuAtion may be rpeated many 
more times, each cycle a proportion of the conpound bemg lost m the Aeces. 
BeneficAl apects of thA cyclmg system are more concerned with preservation of 
endogenous conpounds such as bile salts — their re-synthesA requirmg energy, hence
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their conservation A of great inportance. The action of some drugs m the body A 
prolonged by thA process, hence their chemicA design must account for thA.
1.4.3.3 Flavonoid Metabolism By Endogenous Enzymes
Section 1.4.2.4 summarised the metabolic effects of the gut flora on flavonoids. By 
examination of the urinary metaboAe tables m Appendix One, it A seen that conjugates 
of both Cg—C3—Cg (uncleaved flavonoid molecules) and ring fission products are 
formed A a range of animals The gut flora primarily produce enzymes which medAte 
reactions of a more degradative nature than conjugation reactions (Schehne, 1973). 
The tabuAted summary m Appendix One, mdicates a Ack of conjugated metaboAes 
fi:om the mcubation of flavonoids with gut flora in vitro and the dominance of 
conjugated metaboAes m the urme of fliavonoid-fed germrfiree animals
To discuss the metabolism of flavonoids by tAsue enzymes, (+)-catechm A used as an 
exanple, to express generA ideas, not pedflc chemicA mechanisms.
Biliary carmuAtion of the rat after orA mgestion of (+)-catechm ahows detection of 
conjugates (predominantly gAcuromdes) of 3'-Omethyl-(+)-catechm as the princpA 
metaboAes. These metaboAes are also seen m urme (Shaw and GrifiAhs, 1980). 
Conversely, the major urmary metaboAe of (+)-catechm A 3'-0-methyl-(+)-catechm 
su^hate (Shaw et al, 1982). Rmg cleavage products of (+)-catechm are mmor 
metaboAes, accountmg for less than 2 % of metaboAes m rat urme (Shaw et al, 
1982), although much early work centered on thA type of metaboAe. Ring cleavage 
products m humans (Das, 1971) and the gumea pig (Das and GrifiAhs, 1968) are 
excreted m the urme as gAcuromde (predommantly) and su^hate conjugates, hence m 
the postuAted pathway of (+)-catechm metabolism (gumea pig and rat): (+)-catechm 
=> S-(3,4-dihydroxcyphenyl)-y-valerolactone => 0-(3-hydroxcyphenyl)-y-vAeroActone 
=> 3-hydrox£ypheny^)ropionic add => 3-hydroxcybenzoic add) (Das and Griffiths,
1969), it can be visualised, that the longer (+)-catechm remains m the gut (Le. 
unabsorbed), the greater the likelihood ring cleavage will occur, formmg 5-(phenyl)-y- 
vAeroActone and phenolic add cleavage products by thA pathway and these
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metaboAes would then be absorbed, conjugated and excreted m urine. Some Actors 
which migbt determme the reAtive amounts of mtact Cg—C3—Cg (Le. uncleaved) 
metaboAes conpared with 5-(phenyl)-y-vAeroActone and phenolic add metaboAes 
are:
(1) Ring cleavage of fAvonoid molecules requires that there be (1) flee 5 and 7- 
hydroxyl groups (A-ring), (2) a free 4'-hydroxyl group (B-ring) (Griffiths and Smith, 
1972 (a) and (b)). DemethyAtion A known to be a reaction of the gut flora (Griffiths,
1982), however, methyAtion A almost certainly a reaction medAted by the liver 
(catechol-O-methyhransferase, found m many tAsues apart from the liver (Parke, 
1968). Therefore, (+)-catechm could be methyAted m the gut, if the gut wall was a 
site of thA enzyme activity, but definitely m the liver (Shaw and Griffiths, 1980). At 
whichever site of the body thA occurs, it A vA the hydroxyl group of the 3-position, 
hence should not mterfere with ring cleavage by the gut flora. Conjugation of (+)- 
catechm with gAcuronide has been shown to occur at the 3-position (C-ring) and 4- 
position (B-ring) (= 3,4'-digAcuronide) and at the 3-position (C-ring) and either the 5- 
position (A-rmg) or 7-position (A-ring) (Van Der Merwe and Hundt, 1984). These 
conjugations would certainly sean to mterfere with the neeessity of a free hydroxyl 
group at the 4'-, 5- and 7- positions for bacterial ring cleavage.
(2) The site of the conjugation enzymes A extrahepatic. Many tAsues other than the 
hver, possess enzymes wiiich medAte such conjugation reactions — (+)-catechm A 
metabolised to (+)-catechm gAcuronide (and to a lesser extent 3'-0-methyl-(+)- 
catechm gAcuronide) by the Ang (Shaw et al, 1982). It therefore appears feasible, 
that the gut wall may contam enzymes capable of (+)-catechm conjugation. If 
gAcuronidation occurred vA enzymes m the gut tissues, rmg cleavage might be 
prevented to a large extent, therefore explainmg the nature of the metaboAes of (+)- 
catechin.
(3) Absorption of the uncleaved molecule A rapid. Le. the gut flora are not able to 
execute enzymatic ring cleavage, before absorption mto the blood stream carries it to
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the liver where conjugation with ghicuronide/suÿhate occurs, hence the primary 
metaboAes are uncleaved, conjugated molecules.
(4) The rate of ring-cleavage by the gut flora A very low — thA would permit slower 
absorption of (+)-catechm across the gut wall, whilst still mamtainmg the Agh level of 
Cfi—C3—Cg conjugated metaboAes.
A thA discussion, the effect of different doses of (+)-catecAn A also inportant. It A 
reported that the quantitative excretion of metaboAes of thA conpound, vary with 
dose. On mgestion of a range of doses (0*5 g. 1*0 g, 2*0 g) by humans, the trend shown 
(though not Aghly significant), A that for unchanged (+)-catechin, urinary elimination 
mcreases with dose, whereas the reverse A detected for the metaboAes (Balant et al, 
1979). Also when humans were fed the rektively large dose of 4200 mg, Aecal 
excretion of unchanged (+)-catechm and urinary excretion of rmg cleavage products 
was high (Das, 1971). These observations suggest that for small doses, the 
preferential route of metabolism A one m wAch (+)-catecAn A absorbed, uncleaved m 
the mam, conjugated and excreted m the urine. For large doses, it would seem that 
thA pathway A adhered to, to the same extent as before, except that the larger dose 
means that a proportion of (+)-catecAn remams m the gut for an extended period of 
time. ThA would be likely to enhance the production of ring cleavage products, whilst 
encouraging Aecal output of unchanged (+)-catecAn.
A addition to conjugated metaboAes of fliavonoids, conjugated metaboAes of ring- 
cleavage metaboAes are also seen, m both the urine and the Aeces m humans (Das,
1971) and the immediate assunption, A that conjugation occurs after ring cleavage. 
However, thA may not be so, because due to the concept of enterohepatic circulation 
(Section 1.4.3.2), these metaboAes may also occur through the excretion of uncleaved 
conjugated flavonoid molecules m the bile, back mto the gut. A  the gut, bacteria will 
cleave the conjugated molecules tAough the C-ring, to form conjugated 5-phenyl-y- 
Actones and phenolic adds, whilst also medAtmg their deconjugation (Le. p- 
gAcuromdase) and possible eventual reabsorption — a process by wAch drcuAtmg 
leveA of flavonoids coAd be kept high, to exert beneficial (or harmfiil) physiological
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action (GrifiBths, 1982). This mechanism, however, does not take mto account the 
postulated inhibition of ring cleavage by gAcuromdation (see above — part (1)).
With reference to Section 1.4.3, it A not unexpected, that fAvonoid metaboAes are 
excreted both m the bile and the urme. The Cg—Cg— Ce nucleus of fAvonoids has 
molecular weight of about 200. The substituted hydroxcyl groiqxs of aglycone 
fAvonoids, may easily bring thA figure nearer 300, while the addition of galAte and 
sugar moieties onto the basic structure may mcrease the weight to 300-400 (and 
obviously oligomeric molecules Agher still). The general gmdelmes given m Section
1.4.3, would pAce most fAvonoids on the borderlme between urinary and biliary 
excretion — the reAtive balance of the two pathways determmed by the actual 
structure of the flavonoid molecule and the exctent to wAch it A conjugated. The ring 
cleavage products produced during the metabolism of most fAvonoid molecules, 
however, are small molecules m conparison to the parent conpound, and as such 
would be expected and mdeed are excreted m the urme. It A perhaps, thA distribution 
of cleaved flavonoid metaboAes predominantly m the urme, wAch gave such a one­
sided picture of flavonoid metabolism up to the early 1970’s. A certam degree of 
pedes variation A seen for excretion by these conplementary pathways, hence may 
account for the pecies differences seen m fAvonoid metabolism
1.5 Proposed research guidelines
The primary goal of thA research A to assess the possibility of usmg the biomarker 
method of nutritional assessment to measure the amount of a fAvonoid substance m 
the diet.
Contenporary Acraturc describes the potent in vitro antioxcidant properties of 
naturally occurring polyphenohc conpounds, together with the emergmg beneficial in 
vivo properties. A substantial volume of the research A concentrated on fAvonoids — 
m particular the flavan-3-oA of green tea. The beneficial actions of green tea are 
diverse, but where conparisons have been made, of the major flavan-3-oA contamed
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within a cup of the beverage, it is (-)-epigallocatechin gallate that appears to exert the 
greatest beneficial action. However, the attention of researchers to this particular 
confound may singly be because it is the major fiavanol present in green tea (hence 
the must easily oblained and e^Lamiaed) and not because it has superior physiological 
action to (-)-epicatechin gallate (a minor conq)onent).
Green tea is a widely available and ine^qpensive commodity — the fiavan-3-ol content 
well documented. (-)-Epigallocatechin gallate , however, is an expensive commodity, 
hence the first section of the research will be directed towards the elucidation of a 
convenient and ine?qpensive separation procedure of this conq)ound fiom green tea.
Feeding studies involving rats will be undertaken, in order to seek urinary metabolites 
of (-)-epigallocatechin gallate. These will be biomarkers of consunq)tion and will be 
used to measure a dose-response relationshÿ between input and output — enabling 
calculations of dietary burden to be made fiom output. Urinary analysis will be by high 
performance hquid chromatography (HPLC) in the main — a proven method for 
quantitative analysis of this conq)lex biological medium. The use of nuclear magnetic 
resonance spectroscopy (NMR) is gaining popularity in the sphere of urine analysis, 
hence parallel biomarker identification studies will be attempted with this technique.
It is hoped that feeding studies with (+)-catechin, (-)-epicatechin and gallic add will 
run concurrently with the main feeding study, in order to identify novel biomarker 
metabolites for these compounds and allow conq)arisons to be made.
A volunteer study, to identify biomarkers for green tea consumption wdl provide a 
basis for the identification of similar dose-response relationshÿs.
Two
The Fractionation 
Of Green Tea
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2.1 Introduction
Flavonoids are probably the largest groiq) of natural^ occurrnig phenols. These 
compounds are divided into structurally related classes, all having the same Q —C3—Cq 
backbone (Figure 2.1) but difGermt patterns of hydroxyl groiq) substitution (Section 1.2.1).
1 (-)-Epigallocatechin Gallate 
5, 7, 3', 4', 5' : OH
3 : Gallate (3,4,5-trihydroxybenzoyl)
Figure 2.1 Cg—C3—Cg flavonoid backbone.
Green tea leaf is a ridi source of flavonoids and (-)-epigallocatedmi gallate (a conjugate of 
the flavan-3-ol (-)-epigalbcatechin and the simple phenol, gallic add) is usually the most 
abundant of those present Sudi polyphenohc confounds ctMtnbute to the mil(% 
astringent flavour of green tea beverage, formed by infusion of the dried leaves with boiling 
water. Tables 2.1 and 2.2 indicate the average composition for both beverage and leaf
Table 2.1 Conq>onents of green tea beverage, measured in weight % of extract
Component % Component %
Havanols 30-42 Other organic adds 4-5
Flavonols 5-10 Theanine 4-6
Other flavonoids 2-4 Other amino adds 4-6
TheogalHn 2-3 Methykanthines 7-9
Other depsides 1 Carbohydrates 10-15
Ascorbic add 1-2 Minerals 6-8
Gallic add 0-5 Volatiles 002
Quinic add 2
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Catechin Component %
(-)-£piganocatechm gallate (EGCG) 7-13
(-)-Epicatechin gallate (ECG) 3-6
(-)-Epigaflocatechin (EGC) 3-6
(-)-Epicatechin (EC) 1-3
(+)-Gallocatechin (GO) 1-3
(+)-Catechin (C) 1-2
The tea plant {Camellia sinensis (L.) O Kuntze) originates horn south-east Asia and is the 
primary commercial crop for a number of countries. Processing of the heshly picked leaf 
to give the dried commodity involves a six step process of medianical rolling and drying 
techniques that reduces the moisture content to ^proximately 6 %. An infusion of these 
dried leaves with boiling water gives the popular green tea beverage, a mainstay in the diet 
of many Eastern cultures. There are two main varieties of the species Camellia sinensis, 
var. sinensis and var. assamica, the latter having the higher (q)proximately double) 
fiavanol content of the two (Takeo, 1992). Consequent^, the assamica variety produces a 
beverage that is uiq)alatable due to its uncomfortable astringency, hence is used to produce 
black tea leaf This is a fermented version of the greai leaf \\here the flavanols have been 
transformed, giving a leaf that on infusion with boiling water yields a pleasant dark 
coloured tea, habitually drunk by a large number of Europeans.
The term ^fermentation', describes the conversion of green tea to black tea and was 
originally used because of the behef that the chemical conversions involved were microbial 
in nature. These transformations are now known to result from enzymatic processes 
(Roberts, 1952), ahhou^ the original terminology remains. The commercial production of 
black tea involves a five step process, the essence of \^ c h  is to release the fiavanols hom 
within storage vacuoles in the cells of the hesh lea( bringing them into contact with the 
cytoplasmic polyphenol oxidase and atmospheric oxygai (Mlllin, 1967). This initiates their 
oxidation to produce the theafiavins (TF) and thearubigins (TR) — the 'fiavour^igment- 
conponents' of black tea, resulting in a decreased fiavanol content of only 3-10 % of leaf 
solids (Graham, 1992).
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Early attenpts to isolate the flavanols of green tea met with some success (Tsujimura, 
1929-1935) although, there was considerable dispute as to their character, until the 
introduction of partition chromatography on siHca-gel cx)lumns (used in cxmjunction with 
eth)d acetate extraction) was able to eUch the isolation of sevai individual flavanols 
(Roberts, 1952).
Over the enaring years, a variety of chromatographic procedures, such as thin layer and 
cellulose column chromatogrq)hy (Vuataz, 1959), have been successfiilly appHed to the 
elucidation of green tea composition. The advent of HPLC in recent years has pediaps 
provided the most exacting sq)aration of the green tea polyphmols. However, whichever 
type of analytical chromatography is used, it is possible to s^arate only small quantities of 
the component polyphmols. To increase the yield, time consuming repeat applications of 
these procechires, a scale-ip or an alternative approach is required
This chuter documents the systematic evaluation of a series of methods that might allow 
the rapid. s^aration of gram quantities of (-)-epigallocatechin gallate required for 
experimental procechues in the project.
2.2 Materials And Methods
2.2.1 Materials
* Gunpowder' green tea was purchased firom Whittards Tea Inporters, (Guildford, 
Surrey, UK) and was brewed using KO. water (water purified by reverse osmosis).
Sephadex LH-20, caffeine, sodium hydroxide and ethyl propionate, ethyl butyrate, 
ethyl pentanoate (ethyl valerate), ethyl hexanoate (ethyl caproate) and ethyl heptanoate 
(ethyl caprate) (all analytical grade) were obtained fiom the Sigma Chemical Conpany 
Ltd (Poole, Dorset, UK). Propyl acetate was obtained from the Aldrich Chemical 
Conpany (Gillingham, Dorset, UK). HPLC grade acetonitrile and analytical grade
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ethyl acetate, petroleum ether, methanol, hexane, chloroform, acetic add and 
hydrochloric add were obtained from Fisons Ltd (Loughborough, Ldcestershire, UK).
2.2.2 Methods
2.2.2.1 Brewing Procedure
Dried grem leaf (25 g) was placed in a pre-warmed thermos flask to which 350 ml of 
boiling water was added and the flask c ^ e d . The leaves were allowed to infuse for 10 
minutes, the flask inverted at 30 second intervals. On conpleticm of this stq), the brew was 
filtered throu^ cotton wool to remove hydrated leaves and fine dust.
2.2.2 2 Solvent Partition Of An Aqueous Tea Brew
(i) Decaffeination
Partition of the resulting brew from Secrion 2.2.2.1, against chlorofixim, achieves its 
thorouÿk decafreination. An equal volume of chloroform was added to tea (at 60-70 °C) 
in a separating funnel This mixture was thoroughly shaken by hand for 1 minute, and 
allowed to settle. Two layers formed : the lower layer was chloroform (phis caffeine), 
hence discarded; the ipper layer the partially decaffeinated tea brew. These steps were 
repeated a further three times to achieve complete decaffeination
(Ü) Separation of the flavanols of an aqueous green tea brew
Separation was achieved by partition of the decaffeinated brew from Section 2.2.2.2(i) with 
a range of solvents. Solvcmt was added to the tea brew (at ambiait tenperature) in the 
ratio of 3:5 in a sqxarating funnel and the mixture shakm by hand fiir 1 minute, thm 
aflowed to settle. Two layers formed; the lower layer was the remaining aqueous tea brew; 
the upper layer the organic solvent fraction Depending ipon the solvent used and the
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resuh deared, the solvait fraction was reduced by rotary evaporation and the aqueous 
fraction partitioned once again with the same or another solvait.
2.2.2 3 Caffeine Precipitation Of Green Tea Polyphenols
(i) Optimisation of caffeine concentration for maximum caffeine-polyphenol 
precipitation.
Green tea leaf was brewed and decaffeinated (as described in Sections 2.2.2.1 and 
2.2.2.2(i)). The remaining brew was reheated to 70 °C, thm divided into 20 ml aliquots to 
which caffeine was added to give known caffeine concentrations over the range 10-100 
mM. These solutions were allowed to cool over a period of 2 hours, then chilled to 4 °C 
for a further hour, to maximise the extent of caffeine-polyphenol precphation. The 
resulting suspensions were centrifuged at 31 000 X  g for 20 minutes, the sipematant 
decanted off and each pellet reconstituted in 20 ml distilled water. This gave an effective 
separation of the tea components able to frxrm insoluble complexes with caffeine from 
those which either formed soluble conplexes or none at ah
(11) Effect of pH on the extent of caffeine-polyphenol precipitation.
An investigation was also made as to the effect of pH on the extent of precpitation. The 
optimum caffeine concaitration for the polyphmol-caffeine conplexes to precphate 
(found in Section 2.2.2.3(i)), was used to investigate the caffeine precpitation procedure 
for brews over the pH range 1 to 8.
2.2 2.4 Fractionation Of Green Tea Components With Sephadex 
LH-20
Sqxhadex LH-20 (40 g) was soaked for 4 hours in either mkture 1 or 2 (see below). The 
resulting shiny was slowly poured into a glass column and allowed to settle to a height of 
25 cm Decaffeinated green tea brew (Section 2.2.2.2(i)) was subjected to solvait partition 
with three volumes of eth>i acetate (as described in Section 2.2.2.2(h)). The resulting
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solvent fractions were pooled and reduced to a dry residue by rotary evqxoration. This 
residue was dissolved in a small volume of one of the solvart mixtures and qphed to the 
column as a thin layer covering the top of the Sephadex. A reservoir of the same solvent 
mixture was allowed to wash throu^ the column, the t ^  at the base of the column open 
to allow a flow rate of approximately 5 ml/minute.
Fractions (10 ml) were collected by an automated fraction collector and monitored at 280 
nm using a Kontron Uvikon 860 spectrophotometer. Absorbance at this wavelaigth was 
taken as an indication of flavanol content. These data displayed graphically, allowed 
neighbouring flractions which collectively give rise to a "peak', to be pooled, reduced in 
volume by rotary evaporation and analysed by HPLC.
Eluting solvQit mixtures :
No. 1 Chloroform : Methanol : Petroleum Ether
(Coxon, 1972) ( 1 :2 :1 )
No.2 Methanol : Hexane : Ethyd Acetate : Water
(Sago, 1982) (20 : 6 : 5 : 1)
2.2.2 5 Analytical HPLC
A 10 cm column of internai diameter 4 6 mm^  packed with E^ersü 3 pm ODS was 
obtained from EBdirom (Theale, Berks.). Each sanple (50 pi) was injected onto the 
column by a Spectra Physics AS3000 autosangxler, which was connected to a Spectra 
Physics P4000 gradient pung). Eluting peaks were detected by a Spectra Physics forward 
optical scanning detector recording between 280 nm and 360 nm An IBM PS/2 computer 
equgxped with Spectra FOCUS soflware was used to collect and process the 
(hromatogrqxhic data. AH sanqxles termed "solvent phase' were reduced to dryness and 
reconstituted in a small volume of R.O. water prior to HPLC analysis.
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Mobile Phase : Solvent A 0-5 % acetic add in distilled water.
Solvent B 30 % acetonitrile, 0 5 % acetic add in distilled water.
Gradient : 100 % solvent A to 100 % solvent B over a linear gradient of 25 minutes.
(Chromatograms labelled "G2’ have a modified gradient; 100 % solvent A 
to 100 % solvent B over a linear gradient of 30 minutes).
Flow Rate : 1 ml/minute.
2.3 Discussion Of Resuits
The object of this study was to effect the separation of gram quantities of (-)- 
epigahocatediin gallate fix>m a convenient source — ^ em  tea. The two main criteria that 
the final separation method must meet, are that the sqxaration is relatively rapid and the 
product is of good purity. The first step of sqxaration is to liberate the flavanols which are 
locked inside the dried leaf hi the process of tea drinking, this primary brewing step is a 
prerequisite, so for this work tiie obrious s t a r ^  point,
Anaj^tical HPLC of the primary brew and all subsequent finctions separated fiom it, was 
carried out as described in Section 2.2.2 5.
2.3.1 Production Of A Green Tea Brew
Figure 2.2 shows the chromatogram of the whole tea brew monitored at 280 nm The 
success at all stages of separation by each method, can be monitored by conqxarison of the 
particular chromatogram with this original This chromatogram demonstrates the relative 
amounts of each of the major flhvanols and their gallate derivatives  ^conqiaiing âvourably 
with the separation achieved by other workers (e.g. Opie, 1992). Figure 2.3 shows the 
same brew after conqilete decaffeination with chlorofinm
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Rgnre 2.2 Chromatogram at 280 nm of ^ o le  gree: tea brew.
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Figure 2.3 Chromatogram at 280 nm of decaffdnated green tea hrew.
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Removal of cafGeme in this way, also eliminates any chlorophyll degradation products and 
carotenoid pigments present in the original brew (Bradfield, 1947).
To give a palatable beverage, the production of a Inew commonly incoiporates only a 
single infusion of the green tea leaves. For the puipose of separation of (-)-q)igallocatechin 
gallate from the brew, taste isuning)ortant. It is desirable that the maximum amount of this 
component is solubilised firom the leaves, to maximise the possible yield resulting firom the 
diosen method of separation. Rq)eated infusions of a single 25 g portion of leaves, and the 
subsequent analysis by HPLC of the resulting brews, demonstrated that solubilisation of (- 
yepigaHocatedun gallate firom the dried leaf by boiUng water is maximal in the first infusion 
(55 % of the total e?^ac^ble (-)-£GCG), &Dmg ofiTto a minimum level afier six infusions 
(15 % of the total extractable (-)-EGCG). Figure 2.4 illustrates the extraction kinetics. 
Whilst maximal amounts of (-)-epigaHocatechin gallate are desirable in the brew, the time 
taken to make successive infuâons of the leaves becomes uneconomic if the extra amount 
of this compound extracted by the extra brew is negligible. It should also be noted, that 
each infusion of the leaves will add a further 350 ml to the final volume of the brew, making 
further sq)aration processes more difficult in practical terms.
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Figure 2.4 Extraction of(-)-epigallGcatechm gallate from green tea leaf by 
successive infusions with boiling water.
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Taking these considerations into account, it was concluded that two infusions of 25 g of 
leaf would be optimal This gave a starting brew which contains 80 % of the total 
extractable (-)-epigalbcatechin gallate, whilst limiting the brew volume to a manageable 
700 ml
2.3.2 Partition Of Green Tea Brew With Ethyi Acetate
A comparison of Figures 2.5 and 2.6 whh Figure 2.3, demonstrates the effect of 
partitioning a decaffeinated tea brew with ethyl acetate.
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Figure 2.5 Chromatogram at 280 nm of the solvent phase from the partition 
between decaffeinated green tea hrew and ethji acetate. (Note: G2 )
The majority of (-)-epigallocatechin gallate and (-)-epicatechin gallate are partitioned in the 
solved fraction, together with two unknown compounds, U1 and U2. Although these two 
compounds were not identified, they are most probably flavonoid gallate esters, owing to
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their disappearance horn the chromatogram of a snnilar sanq)le after treatmeot with a 
preparation of gallate esterase.
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Figure 2.6 Chromatogram at 280 nm of the aqueous phase from the partition 
between decaffdnated green tea and ethji acetate — note scale expansion 
(X22) relative to Figure 2.5. (Note: G2)
2.3.3 Separation Of Ethyl Acetate-soluble Components Using 
Sephadex LH-20
Partition of a decafEeinated green tea brew with eth)i acetate, gave a ftraction rich in (-)- 
q)igaHocatechin gallate and (-)-epicatedim gallate (Section 2.3.2). The solvent was 
removed by rotary evq)oration, leaving a K ^t brown residue vAAdi (dissolved in a small 
volume of elution solvent nnxture 1 (Section 2.2.2.4)) was ^pHed to a Sephadex LH-20 
column. This effected partial separation of this crude "gallate- rich’ nnxture into ftve 
ftachons. These are seen as hunps’ in a plot of the absorbance (at 280 nm) of each of the 
175 fractions (Figure 2.7),
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Figure 2.7 The fractionation of ethji acetate-solnble green tea polyphenols by
Sephadex LH-20.
Qn]^ filetions one and fi)ur contained significant amounts of sq)arated tea fiavonoids. ; 
The piincÿal cong)onent of the first finction was (-)-epicatechin, \^hile the fourth firaction 
was predominant^ (-)-epigallocatechin gallate.
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Figure 2.8(1) Chromatogram at 280 nm of the first hunq) from the separation of ethyl
acetate-soluble green tea phenols by Sephadex LH-20. (U: unknown).
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figure 2 .8 ^ ) Chromatogram at 280 nm of the fonrtfahinnp fi*omflie separation of etfaji 
acetate-sohible green tea phmols by Sephadex LH-20.
Fractionation by this method achieved a d i^ t ing)rovement, in terms of sq)aration of (-)- 
q)icatechin hom (-)-q)iga]locatediin gahate. However, the (-)q)iga]Iocatediin gallate 
fraction was still contaminated with other tea conq)onents, hence an ing)roved method of 
sq)aration was song i^t.
2.3.4 Caffeine Precipitation
Figure 2.9 and 2.10 should be con^ared with Figure 2.3, for a demonstration of the ability 
of cafreine to preferentially cong)lex with (-)-epigallocatediin gallate and (-)-qpicatediin 
gahate. Ahhougji these peaks are not complete^ absmt from Figure 2.10, they are the 
predominant confounds of the pellet (Figure 2.9). The addition of cafEeine to a green tea 
brew is therefore an excellent method for the sq>aration of (-)-epigalbcatechin gallate and 
(-)-epicatechin gallate from the other fiavanol cong)onents of the tea brew.
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ïignre 2.9 Chromatogram at 280 nm of pdlet fraction (decafiGemated) from caflane 
precipitation of a green tea brew.
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figure 2.10 Chromatogram at 280 nm of siqiematant fraction (not decafiGeinated)
from cafGane precipitation of a green tea hrew.
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2.3.5 Effect Of Caffeine Concentration On Ttie Precipitation Of 
Green Tea Poiyphenois
Figure 2.11 demonstrates the effect of caffeine concentration on the extent of (-)- 
epigahocatediin gahate and (-)-epicatediin gahate removal hom the aqueous hrew, by their 
preferential ability to form insoluble conplexes with caffeine. It is seen that the optimum 
caffeine concoitration at \diidi these gahate derivatives form such conplexes is near 30 
mM.
The formation of caffeine-po^henol conplexes to effect a separation is a simple 
e?plwtation of an everyday process, This natural phenomenon of tea creaming’ is 6 e  
name given to the formation of an orangy-brown precpitate as strong black tea is ahowed 
to cool The occurrence of tea creaming and its relation to tea quality has been noted by 
many workers over the last fifty years — the cream conpiiang caffeine and the ethyd- 
acetate extractable poj^henols ofblack tea (Bradfield and Pamey, 1944).
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Figure 2.11 The effect of caffeine concentration on the precipitation of caffeine with (-)-
qngahocatechin gahate and (-)-qiicateclini gahate.
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It is generally noted that there is a poative correlation betwem the extent of creaming and 
the palatabiHty of the tea (in the terminology of tea tasters, the better the "briskness’, 
"strength’ and "pungency’). It is the black tea oxidation products of the green tea fiavanols 
— the theambigius (TR) and theafiiavins (TF), that form such complexes with caffeine 
(Roberts, 1963). More recent studies show the relative contribution of each to be 86 % 
TR and 12 % TF (Powell et al, 1993). Althou^ natural creaming is less apparent in green 
tea brews, induced creaming by the addition of 30 mM caffeine is very effective.
An analysis of black tea cream, demonstrated that together with the princpal TR and TF 
componaits, were (-)-epigallocatechin gallate and (-)-epicatediin gallate (Roberts, 1963). 
h  was thought that because these conpounds were on]^ very minor conponents of the 
cream, they were in some way "carried down’ by precpitation of the main constituaits, the 
TRandTF.
Induced creaming in the green tea brew effected by the addition of caffeine and the 
subsequent HPLC an a^^  of the resulting precpitate (Figure 2.9) identified (-)- 
q)igahocatediin gallate and (-)-epicatechin gallate to be the main conponents of the green 
tea cream This demonstrates their ability to conplex with caffeine independently of TR 
and TF. Other workers suggest that in the creaming process of black tea brew, the 
effedency of the precpitation of the po^henol constituents pass throu^ maxima whh 
increaang caffeine concmtration (Collier, 1972; PoweD, 1993). This current work; 
demonstrated that maximum precpitation of (-)-q)igallocatediin gallate and (-)- 
q)icatechin gallate (in green tea brew) occurred whm the caffeine concaitration was 
elevated to 20-30 mM.
The nature of the forces holding caffeine in complexes whh polyphenols is th o u ^  to be 
predominantly due to hydrogen bonding and hydrophobic effects. The hydrogen bonding is 
betwem the polyphen>i hydroxji groips and (most commonly) the basic nitrogen (N-9) of 
the caffeine molecule. D^ending upon the extent of hydrox}dation of certain anple 
phaiols, they may fisrm onfy a single hydrogen bond per molecule (as in the case of a 
caffeme-yymitrobenzoic add conplex), or as many as three hydrogen bonds per molecule 
(as in the case of a caffeine-methyi gallate complex). Both of these primary structures may
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then give rise to a secondary stacked lattice structure (Martin et al, 1986). (-)- 
Epigahocatediin gallate and (-)-epicatediin gallate, Hke meth>d gallate, contain the gallate 
moiety responsible for the conplexation of this molecule with caffeine. It therefore might 
be expected that the same mdhod of interaction should occur. Steric hindrance by the 
fiavan nucleus should not be a Actor, since black tea phenols — effectively dimers of these 
fiavanol gahates (Roberts, 1959) conplex easily with caffeine.
The optimum caffeine concmtration for precpitation of both (-)-epigahocatechin gallate 
and (-)-epicatediin gallate is approximately 30 mM is. This ipholds the suggestion that 
bonding between these molecules and caffeine is via the gallate group (of which both 
compounds have one per molecule), not the aibstituted hydro^gd groips of the D-ring. 
Should hydrogen bonding be via the B-iing hydroxjd groips, it would be expected, that 
(-)-epigallocatechin gallate should bind maximally to caffeine at a lower concentration than 
(-)-epicatechin gallate, due to the additional bonding potential arising from the extra 
hydrox)d groip of the B-ring (the gaHo}i hydroxyl group at position 5'). Interaction via the 
B-iing hydrojQd groups, would also fevour precpitation by caffeine of (-)-epicatediin, (+)- 
catechin and (-)-epigallocatechhL This type of interaction has not bem apparent in these 
studies.
2.3.6 Effect Of pH On Caffeine Precipitation Of Green Tea 
Poiyptienois
Early methods of separation ofblack tea cream fi*om the brew used a simple filtration step. 
The cream consists of quite a fine precpitate, which can be made more flocculant in nature 
(enhancing separation) whilst precpitating higher proportions of TR and TF, by the 
addition of 1 % \ /v  suÿhuric acid (Roberts, 1963). Later studies found that adjustment of 
the brew to pH 4 gave the cptimum conditions for maximum cream formation, none being 
formed above pH 6-7 (Smhh, 1968) i
Figure 2.12 shows the effect of pH on green tea cream fiarmation over the range pH 1-8. 
In the pH range 1-4, the (-)-epigallocatechin gallate ccmtait of the pellet remained stable 
(the caffeine precpitates qproximately a quarter of the total available (-)-EGCG in the
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decaffeinated brew), although between pH 4 and 5, sHghtly less is precq)itated by the same 
concmtration of caffeine. This sHght decrease in the (-)-epigallocatechin gallate content of 
the pellet is matched by an equal increase in the (-)-epigallocatechin gallate contort of the 
supernatant (Figure 2.13). Between pH 5 and 8, the levels of this confound in both the 
siq)ematant and pellet fractions decrease, until almost none appears in either fraction at pH 
8. This effect is probably a demonstration of the relative instability of (-)-q)igallocatechin 
gallate at higher pH levels — an observation siqrported by the concomitant increase in 
levels of galHc add and (-)-epigaHocatechin.
Hence, it would appear that the optimum pH range for the formation of insoluble caffeine- 
( )-epigallocatechin gallate complexes is betwem pH 1-4. Betweoi pH 4—5, levels of 
insoluble complex formation decrease sHghtly, and^at pH levels higher than this; (-)- 
q>igahocatechin gallate is degraded and consequently complex formation is impossible.
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fSgnre 2.12 The effect of pH on caffeine—(-)-epigaIlocateclim gallate precipitation (pdlet
fraction).
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The effect of pH on caffeine—(-)-epiganocateclini gallate precqpitatioii 
(mqiemataut fraction).
The conditions have now been optimised h)r the separation of a gahate-rich fraction from a 
green tea brew by caffeine precpitation. This method is more successfiü (in so much as 
greater amounts of (-)-epigaBocatechin gahate and (-)-q)icatechin can be separated more 
e a ^ ) , than production of a similar gahate-iidi fraction by column diromatogr^hy with 
Sephadex LH-20. A problem still presents itself wherdjy separation of (-)- 
epigahocatediin gahate from (-)-q)icatechin has not be@i achieved.
2.3.7 The Separation Of EGCG From ECG.
In the first instance, the gahate-rich fraction produced by separation of the ethyi acetate- 
soluble material of a grem tea brew by sq)hadex LH-20 (Figure 2.8(ii)), was substituted 
into the cafikine precpitation method in place of a \diole tea brew. The content of the two 
fractions (Figures 2.14 and 2.15) is essentially identical, except for one in^ortant detail 
The (-)-q>icatediin peak is absmt from the chromatogram of the pehet fi:action (Figure 
2.14), indicating that this compound remains in the siq)ematant fraction (Figure 2.15).
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figure 2.14 Chromatogram at 280 nm of the pcJlrt from the caf&me precqntation of the 
fourth h n m p  separated from ed^i acetate-sohible green tea phenols by 
Sqihadex LH-20 (see also figure 2.8(a)). (Note: G2)
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figure 2.15 Chromatogram at 280 nm of the siqiematant from the mffipgue precqntation of
the fourth huuqi sqiarated from the eth}i acetate-soluhle green tea phenols by
Sephadex LH-20 (Figure 2.8(a)). (Note: G2)
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This aspect of the sq)aration has only become qyparait due to the shnpHdty (relative to 
Wiole tea) of the mixture given by the fraction sq>arated from the \\hole tea brew by the 
^h cad o n  of the eth)d acetate-sohible material to the Sephadex column. A successful 
sepuation of (-)-^igallocatechin gallate from (-)-€{)icatediin jallate has still not been achieyed. |
In the second instance, a pellet fraction (produced by caffeine precpitation of a Wiole 
greœ tea brew afier its subsequent decaffeination by chloroform) was applied to a 
Sqphadex LH-20 column, eluted with solvent mixture 2 (Section 2.2.2.4) to give two 
finctions with strong absorbance at 280 nm Figure 2.16 shows the first fraction to be (-)- 
qiicatechin gallate, while Figure 2.17 shows the second fraction to be (-)-q)igallocatechin 
gallate. Thus effective sqiaration of EGCG and ECG has been achieved.
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Figure 2.16 Chromatogram at 280 nm of the first fraction from the separation of the pdlet
(produced by cafGane precipitation of green tea brew (Figure 2.9)) by 
Sephadex LH-20.
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ligure 2.17 Chromatogram at 280 nm of the second fraction from the separation of the 
pdlet (produced by caf&ine precipitation of a greei tea brew (Figure 2.19)) by 
Sephadex LH-20.
This combmed method therefore meets one of the criteria, in that (-)-q)igallocatechin 
gallate (and (—)-cpicatechiii gahate) has been separated from a green tea brew to a 
sarisfrctoiy degree of purity. However, the process, although straightforward, whl onfy 
yield smah quantities of product, considering the length of the sq)aration procedure.
2.3.8 Partition Of Green Tea Brew With A Range Of Ester 
Soivents.
Considerable success in the isolation of (-)-epigahocatedmi gahate from whole green tea 
brew was achieved by partition with a range of solvents similar to eth}d acetate in 
character. At the outset of the solveit partition study, the aim was to find a solvent which 
would preferentially remove this conq)ound from the whole brew. What became apparent, 
was that the series of solvaits being tested would extract the majority of the components 
from the brew, to the exclusion of (-)-q)igahocatediin gahate. On partition with ethyi 
acetate, (-)-epigahocatechin gahate frvours the solvent phase, as sem in Figure 2.6. 
Progressing along this ehiotropic series. Le. increasing alkyl chain length of the ester groiq)
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horn three carbon atoms (dh}i propionate) to sevm carbon atoms (eth)d heptanoate), this 
conq)onnd increasingly &vours the aqueous phase (Figures 2.18(i)-2.18(v)).
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Figure 2.18(i) Chromatogram at 280 nm of the aqueous phase firom the pm ^on of green tea 
hrew agmnst dh)f propionate.! (NB Tea decaflfeinated prior to partition).!
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Figure 2.18^) Chromatogram at 280 nm of the aqueous phase from the partition of green tea
hrew against etfaji hutyrate. (NB Tea decafieinated prior to. partition)^
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figure 2.18(m) Chromatogram at 280 nm of the aqueous phase from the partition of green tea 
brew against eth}i pentanoate. Tea decaffdnated prior to partition), i
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figure 2.18(w) Chromatogram at 280 nm of the aqueous phase firom'the partition of green tea
brew %ainst dhji hexanoate. 003 Tea . decafidnated prior to partition), j
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figure 2.18(v) Cbromatogram at 280 nm of the acjp^us phase fi*om the partition of green 
tea brew %ainst ethji heptanoate. Tea d<yaffdnated prior to partition).j
Although the aqueous phase resulting horn partition against eth>d hexanoate, (Figure 
2.18(iv)) was predominant^ (-}-q)igallocatechin gaHate, there were still impurities, though 
notabfy only a small amount of (-)-epicatediin gahate — the major conqionait that had 
proved difficult to separate from (-)-epigallocatechin gahate by caffeine precipitation.
Partition against eth>i hexanoate (Figure 2.18(iv)) and ethyd heptanoate (Figure 2.18(v)) 
gave similar results, but the ffiimer was diosen, because the lower boiling point &chitated 
recycling. This outcome prongited a search for a second solvent that would either; (i) 
remove the inqiurities from the aqueous phase (resulting from partition with eth)d 
hexanoate), leaving only (-)-epigallocatediin gahate, or (ii) remove (-)-epigahocatediin 
gahate from the same aqueous phase, leaving only the ingiurities.
In a manner analogous to vaiymg the add chain laigth, it seemed logical to investigate also, 
the effect of varying alcohol diain leigth Whai a green tea brew is partitioned with propyl 
acetate, the (-)-epigahocatediin gahate is almost entirely extracted into the solvent phase 
(compare the chromatogram of the aqueous phase of this partition (Figure 2.19) with the 
corresponding solvent phase (Figure 2.20).
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Iignre2.19 Chromatogram at 280 nm of the aqueous phase from the partition of
greoi tea brew against propji acetate.
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Figure 2.20 Chromatogram at 280 nm of the solvent phase from the partition of green tea
hrew %ainst propji acetate.
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Although (-)-q)icatedmi gahate also carries over into this phase, prop}d acetate is very 
effidoat in the removal of (-)-epigahocatedmi gahate into the solvmt phase but only 
moderate^ efihdent in the similar removal of (-)-epicatechin gahate. Hence, if the aqueous 
phase to be partitioned with piop)d acetate were to contain reduced amounts of (—)• 
epicatedrin gahate, compared with a \\hole (decaflfeinated) grem tea brew, then a solvait 
phase containing almost ah the available (-)-epigahocatechin gahate but negligible amounts 
of (-)-epicatechin gahate should be produced. Such an aqueous phase was produced by 
the partition of \\hole (decaSeinated) grem tea with eth)i hexanoate (Figure 2.18(iv)).
Therefore the next step was to subject the aqueous phase obtained throu^ partition of a 
decafiEdnated green tea brew with eth}d hexanoate, to partition against propyl acetate. The 
movement of (-)-q)igahocatechin gahate from one phase to the other was fohowed by 
HFLC analysis of both aqueous and solvoit hacrions at each stage of extraction. Four 
partitions against eth>i hexanoate and three partitions (of the resuhmg aqueous phase) 
against propyl acetate proved to be the optimum conditions for the separation of (-)- 
epigahocatediin gahate. The three pooled propyi acetate solvent phases were eas% 
reduced in a rotary evaporator to leave a pink residue with idairical spectral properties to a 
standard (-)-q)igahocatedrin gahate sample and 75 % purity (Figure 2.21).
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FSgare 2.21 Chromatogram at 280 nm of the final (-)-epiganocatechm gahate fraction
(75% purity).
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A greater degree of purity (81 %) was achieved by the combination of this double solvent 
partition with caSeine precÿitation. Whoi the pellet fraction from the precÿitation of a 
green tea brew with 30 mM caffeine was subjected to partition against ethyi hexanoate then 
propyl acetate, there were two advantages over using 's\hole tea for immediate partition!
(i) The purity of the final (-)-epigaHocatechin gahate product is increased from 75 % to 81 
%. As seen in Section 2.3.4, caffeine precÿitation produced a pehet fraction rich in 
(-)-epigahocatediin gahate with (-)-q)icatediin gahate as the main impurity. This 
simplification in the starting aqueous mixture, compared with the use of Wiole 
decaffeinated tea brew (compare Figure 2.3 with Figure 2.9) aihances partition by eadh 
solvent^
(ii) By producing a pehet (throu^ caffeine precpitation and centrifugation), Wiidi can be 
reconstituted in a smaher volume of water than the original volume of the \\hole brew, 
the partition procedures use a reduced amount of solvW, malting practical procedures 
less complicated and cheaper.
At each stage of this method, solvents can be recovered by rotary evaporation, making the 
Wiole process very cost effective and eliminating the necessity to dispose of large volumes 
of waste solvent. It should be noted, that a solvent fraction rich in (-)-epicatedmi gahate is 
produced during the first partition of the decaffeinated pehet fraction (produced by caffeine 
precpitation of A^ole green tea brew) against ethyi hexanoate (Figure 2.22). Sudi a 
fraction provides a good starting material for the isolation of (-)-picatediin gahate, a 
second commerdahy unavailable component of green tea.
-7
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ngnre 2.22 Chromatogram at 280 nm of the (-)-epicate€fam gaUate-rich fraction.
Figure 2.23 outlines the major steps of the final separation procedure of (-)- 
epigahocatediin gahate from a green tea brew, Wiich achieved an acceptable balance 
between purity and yield.
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Green Tea Brew
2 X 350 ml RO water (100 “C) 
25 g dried leaf
Add d é tin t to 30 mM
Cod to 4 fo r 2 hours
Spin at 31 000 X g fo r 20 minuits
Rtsuspendpslltt In 260 ml RO watsr
Dtccfftlnate with 4 tq u d  vdumta o f chloroform
Partition with 140 ml tthfyl htxanods
Partition with 3 X140 ml tthyl hsxtmoatt
Partition with 3 X 140 ml propyl acttats
Rotary evq)orate this firaction, dissolve
£GCG fraction
GaUate-rich fraction
Aqueous
fraction
Waste’ solvent 
fraction
Waste’ aqueous 
fraction
ECG-rich solvent 
fraction
EGCG-rich aqueous fraction
residue in RO water, ôeeze, Êneeze-dry
Figure 2.23 Schematic preparation of (-)-epiganocatechm gahate.
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2.4 Concluding Comments
For the purposes of the rat feeding studies using green tea flavan-3-ols reported in 
Chapters Three and Four^ a convenient and ine?q)ensive source of (-)-epiga]locatechin 
gahate was required. HPLC analysis identified this conqiound as the most abundant 
fiavan-3-ol in an infiision of dried green tea leaves. A brewing process using two such 
infusions consecutively, provides the most efficient use of the leaves, in terms of the 
amount liberated (55 % — first infusion, 25 % — second infusion, of the total 
extractable (-)-epigahocatechin gahate).
The flavan-3-ols of green tea can be divided into those that are gahate derrvatrves (Le. 
are linked to gallic acid via an ester linkage at the 3 position) and those that are not. 
Separation of these two types proved relatively easy, though intra-group separation 
(Le. separation of the individual gahate derivatives) did not.
Raising the cafTeine concentration of the green tea brew to approximately 30 mM and 
adjusting the pH to 4, was found to provide the optimum conditions for the 
exploitation of the natural creaming process more commonly seen In black teas. The 
precipitate that formed upon creaming of the green tea contained (-)-epigahocatechin 
gahate and (-)-epicatechin gahate (together with two unknown conpounds, thought to 
be minor gahate derivatives). Hence conplexation of the gahate derivatives of the 
green tea fiavan-3-ols with caffeine (probably via the gahate moiety) achieved good 
separation of gahates fiom the non-gahates.
Separation of (-)-epigahocatechin gahate fiom (-)-epicatechin gahate and the two 
unknown compounds was achieved by sequential partition of the reconstituted pehet 
fiaction (formed upon caffeine precpitation of the tea brew) against ethyl hexanoate 
and propyl acetate. The increased affinity of (-)-epigahocatediin gahate for (i) the 
aqueous phase on partition against ethyl hexanoate and (ii) the solvent phase on 
partition (of the aqueous fiaction obtained fiom the preceding step) against propyl 
acetate, relative to (-)-epicatechin gahate and the two ‘unknowns’, permitted the 
separation of an (-)-epigahocatechin gaUate-rich fiaction (purity 81 %).
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Due to the relatively large quantity of (-)-epigallocatechin gallate required for 
subsequent animal studies, it was necessary to compromise on the purity of the (-)■ 
epigallocatechin gallate fiaction. Separation of the tea brew by Sephadex LH-20 
column chromatography or prparativc HPLC might have provided a fiaction of much 
greater purity, but the amount produced would have been vastly reduced due to the 
relatively small amounts of starting material that can be loaded onto these types of 
separation matrix.
Three
The Implementation Of 
Feeding Studies
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3.1 Introduction
Chapter One reviewed the metabolism of dietary flavonoid compounds and the 
advantages of measuring dietary burden by quantification of their metabolic output 
parameters. To distinguish the dietary burden of structurally related dietary 
components, requires that their metabolites be both easily detectable in a convenient 
output medium and that they are distinct fiom metabolites of related input compounds. 
Ahematrvely, a metabolite common to several dietary substances could be used as the 
basis of a ‘group’ assay.
To compare the relative metabolism of polyphenolic compounds in rats and humans, 
feeding studies using (-)-epicatechin, (+)-catechin, (-)-epigallocatechin gallate, 
(produced by the methods described in Chapter Two), gallic acid and green tea, were 
planned. The primary biofiuid of interest is urine — the analysis of which provides a 
powerfiil though relatively non-invasive tool by A^ hich the metabolism of these 
structurally closely related compounds may be examined. Collection of fiecal samples 
is also desirable, so that the balance of urinary metabolites, biliary metabolites and 
unabsorbed compounds (which eventually pass into the fiieces), for this type of 
compound maybe be further understood. Urine and fiiecal analysis toj^ p ract^ÿe and 
quantify phenolic metabolites is by no means a new idea — Appendix One reviews the 
results of many researchers in this area. However^the target of this current research is 
to effect a protocol by which dietary burden of these substances may be estimated by 
urinary metabolite output analysis.
To identify metabolites of these structurally similar fed compounds, requires that they 
be conspicuous among metabolites of other elements of the diet and typical basal 
metabolism which might interfere with inteipretation. All foods of plant origin contain 
flavonoids (Harbome and Mabry, 1982), hence m any study concerned with metabolite 
identification, it is vital to minimise the ‘noise’ fiom confounding variables — Le. 
phmohc content of the basal diet ^ould be kept to a minimum This matter will also 
be addressed by the feeding studies.
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Chapter One reviewed the contribution by the gut flora to metabolism of foreign 
substances. Germ-flree animals lack gut flora, so metabolism is undertaken by the 
various endogenous enzymes of the body, hence comparison of urine form both germ 
flree and conventional rats provides information as to the origin of urinary metabolites. 
At Surrey we are fortunate to have a germrfi-ee fidlity, housing a colony of germ-flree 
hooded rats. Thus, feeding studies will be carried out in tandem — with these rats and 
with conventional hooded rats.
3.2 Materials And Methods
3.2.1 Materials
For all studies, 9 week old (250 g) rats were supplied by the breeding unit at The 
University of Surrey. Details of the diets — GR3 rat chow (commercial pellets of 
vegetable origin) and the ahemative C 10 diet (mixed ‘hi house’), are documented in 
Appendix Two. Irradiation of materials to be introduced to the sterile environment 
was carried out by Isotron (Reading, UK). The flher sterilisation kits (preassembled 
sterile units) were obtained from Nalge Ltd. (Hereford, UK).
(+)-Catechin and (-)-Epicatechin were supplied by the Sigma Chemical Company Ltd. 
(Poole, Dorset, UK). Gallic acid was supplied from the Aldrich Chemical Company 
(Gillingham, Dorset, UK). (-)-£pigallocatechin gallate was produced ‘in house’ (see 
Chapter Two). Analytical grade formic acid, ethanolamhne, hydrochloric add and 
HPLC grade acetonitrile were obtained from Fisons Ltd. (Loughborough, 
Leicestershire, UK). Peroxyacetic add was supplied by Interchem Ltd. (Pangboume, 
UK).
Green tea capsules were kindly supplied by Nestlé, each being the equivalent of an 
average cup of green tea.
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3.2.2 Methods
3.2.2.1 The Animals And Their Environment
Both ‘germrfree’ I ! and ‘conventional’ animals were obtained from the
breeding unit at The University of Surrey. The germ-free rats were bom and lived in a 
sterile environment to prevent colonisation of their gut by conventional bacteria, whilst 
the ‘conventional’ animals were bom and lived in a natural environment.
During test periods, all animals were housed individually in metabolic cages which 
allowed the collection of separated urine and faecal samples. For the non-test periods 
of the experiment, the animals were housed (individually) in ‘hanging cages’, which 
provided a more padous living environment, whilst still having a sup ended floor to 
minimise coprophagy. The genurfree animals were mamtained under the same 
conditions except that their environment was contained within a large sterile polythene 
bladder supplied with flhered air.
Any object introduced to this atmophere also needed to be sterilised. This was done 
in a number of ways, in relation to the type of article. Table 3.1 summarises the 
sterilisation procedures employed.
Table 3.1 Sterilisation methods for introduction of objects to a germ-free 
environment
Object to be introduced Method of sterilisation
diet irradiation
drinking water autoclave
test flavonoid solutions filter sterilisation
Regardless of the sterilisation method chosen, all objects were double wrapped in heat 
sealed plastic bags. On introduction of an object to the sterile environment, the outer 
bag would be removed, avoiding contact with the inner bag. The outer cover to the
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transfer chamber would be removed and the object placed inside, leaving the outer bag 
outside The object and the chamber would be prayed with a 10 % solution of 
peroxyacetic add and the chamber cover refitted. The chamber would then be left 
unopened for ten minutes, to allow add sterilisation. After this time, the inner cover 
of the chamber could be opened and the objects introduced to the main chamber, the 
inner cover then being replaced. Figure 3.1 is a diagrammatic representation of the 
sterile chamber used to house the germ-fi'ee animals.
► Sterile
Environment
Transfer
Chamber
Non-sterile
Environment
Figure 3.1 Sterile chamber used to house germ-free auimals.
3.2 2.2 Preparation Of Test Feeding Solutions
Each test substance was dissolved in KO. water at the correct concentration (shown in 
the individual study plans). If duplicate solutions were to be fed at different times 
during the study, then a total volume was made, divided into the required amounts and 
stored at -20 °C until needed, to minimise variation between test solutions. Test 
solutions intended for germ-free animais were made up as normal, then fiber sterilised 
before storage at -20 °C.
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3.3 Study One — Comparison Of ‘Rat Chow" (GR3) And 
‘Purified’ (C 10) Diets In Hooded Rats
Sinple phenolic molecules and flavonoids characteristically absorb UV light at 280 nm 
Hence, HPLC analysis (the details of which are contained whhin Chapter Four) of 
urine at this wavelength should allow the detection of such molecules. However, 
normal dietary conponents may contain a substantial amount of these types of 
corrpound and so any analysis of the particular metabolism of a pedfically fed 
flavonoid, might be confused by the appearance of peaks flom the ‘background diet’ 
conponents. Minimisation of all phenolic constituents of the basal diet is therefore 
ideal if urinary metabolites pedflc to a single fed phenolic test conpound are to be 
detected by HPLC.
The first rat study was undertaken to investigate the extent to which metabolites fiom 
the conponents of the basal diet might be a problem Here, the effects of a ‘normal’ 
diet (‘rat chow’ / GR3 — the usual food provided for rodents in the Experimental 
Biology Unit at The University of Surrey) and a purified diet (C 10) are conpared with 
regard to their effect on urine conposition. The effect of gender on urine output, and 
the inter-animal variability of urine conposition would be inportant fictors in the 
intepretation of data in fiiture studies. Accordingly one female and one male rat were 
chosen for this preliminary study to provide a general indication of the magnitude of 
any effects that these two variables might have on urine conposition.
3.3.1 Study Protocol
Two conventional animals (one male, one female) were maintained on two different 
diets to assess the contribution of the basal diet to the urine conposidon. Both diet 
and drink were freely available to the rats. An adjustment week to either diet or drink 
(Le. weeks 1 and 4) was allowed before any urine collection. On the final day of each 
adjustment period, a single 24 hour urine collection was made to act as a control for 
weeks 2 and 5. The outline of the study plan can be seen in Table 3.2
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Test week Diet type Drink type
1 Rat chow Water
2 Rat chow (+)-Catechin *
3 Rat chow Water
4 C 10 Water
5 C 10 (+)-Catechin *
6 C 10 Water
* : a saturated (+)-Catechin solution.
The urine was collected into a receptacle containing 1 ml hydrochloric add (1 M), to 
prevent bacterial degradation over the collection period. Urine was collected and food 
and drink refreshed at 24 hour intervals during weeks 2 and 5 (during the other weeks, 
only food and drink were refreshed at these times). At this time, urine and drink 
volumes were recorded and urine sanples diluted to a total volume of 30 ml with KO. 
water, then stored at -20 °C. Each test period lasted for frve days, followed by two 
rest days during which there was no urine collection and the rats were fed the diet to 
be eaten in the following test period, but all given water to drink. Urine collections 
were also made during weeks 3 and 6 to assess how long it took for any changes in 
urine conposition to disappear after feeding of the test substance had terminated.
3.3.2 Discussion of results
The results for this preliminary study are presented here, due to their direct bearing on 
the protocol of further studies. Figures 3.2-3.5 show the HPLC chromatograms at 
280 nm of the urine from each rat whilst maintained on each of the two diets. N.B. all 
data have been normalised to a standard (arbitrary) volume (10 ml).
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Figure 3.2 Chromatogram at 280 nm of GR3-fed female rat urine (control).
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Figure 3.3 Chromatogram at 280 nm of GR3-fed male rat urine (control).
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figure 3.4 Chromatogram at 280 nm of ClO-fed female rat urine (control). Note scale 
expansion with respect to Figure 3.2.
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Figure 3.5 Chromatogram at 280 nm of ClO-fed male rat urine (control). Note scale 
expansion widi respect to figure 3.3.
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Conq)arison of Figures 3.2 and 3.3 demonstrates the similarity between urine 
composition of the male and female rat. All peaks appear to be slightly larger on the 
chromatogram of urine from the female rat, and the relative sizes of peaks between 18 
and 25 miaules are dilTereui. These variations might be due to gender difference, but 
the minimal sangle size studied in this case does not allow such a conclusion to be 
made. It is clear however, that this pair of randomly chosen animals produce urine 
\\hich quantitatively is similar and qualitatively almost identical in composition.
It is very obvious from visual examination of Figures 3.4 and 3.5 (chromatograms of 
urine from the same pair of rats, but now maintained on purified CIO diet) that the 
um e is both qualitatively and quantitatively very different from that from rats 
maintained on GR3 diet. From the second pair of chromatograms (Figures 3.4 and 
3.5), it is apparent that qualitatively, there are less urine constituents which absorb at 
280 nm when the rats are maintained on the CIO diet. (Quantitatively, the peaks 
corresponding to conq)ounds present in both GR3-fed and ClO-fed rat urine appear to 
be reduced (rougblyS-idtimes smaller for the peak labelled **') during consunq)tion of 
the CIO diet. Certain peaks, or clusters of peaks were larger in the urine produced by 
the female rat, conçared with urine produced by the male rat — this difference is 
clearly demonstrated by conq)arison of the peak labelled (nearly 100 .% greater for
the female rat), but/addrtionally, differences in the group of peaks between 18 and 25 
minutes should also be noted.
The flavan-3-ols of green tea to be used in the feeding e?q)eriments, and their known 
metabolites (Appendix One) characteristically absorb maximally (X.max) near 280 nm. 
Figures 3.2-3.5 clearly demonstrate tiiat the CIO diet is superior in terms of reduced 
urinary output of constituents which absorb at 280 nm The low background noise 
arising from the basal diet when C 10 is used, will frcilitate monitoring of flavonoid 
metabolites in the e?q)erimental urine. Figures 3.6 -  3.9 show the chromatograms at 
280 nm of urine from the same pair of rats, maintained on GR3 and CIO diets, where 
their drinking water has been replaced with a saturated solution of (+)-catechin.
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figure 3.6 Chromatogram at 280 nm of GR3-fed female rat urine — (+)-catechin.
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figure 3.7 Chromatogram at 280 nm of GR3-fed male rat urine — (+)-cateclnn.
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Figure 3.8 Chromatogram at 280 nm of ClO-fed female rat urine — (+)-eateclnn. 
Note scale expansion with respect to Figure 3.6.
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Figure 3.9 Chromatogram at 280 nm of CIO-fed male rat urine — (+)-catechin. Note
scale expansion with respect to Figure 3.7.
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Inherent in the design of this feeding trial is the likelihood of the rats receiving different 
doses of (+)-catechin — the animals are allowed free access to their drinking solution, 
hence will indulge to their personal requirements. This variable can be avoided by the 
direct introduction of a measured dose directly into the stomach (gavage), though the 
use of this procedure was rejected, because of the possible effects that this practice 
may have on metabolism of the flavonoid substance. The mouth is a conq>onent of the 
digestive tract from which saliva is secreted — a source of digestive enzymes such as 
salivary amylase, and proline-rich proteins (PRP). These PRP can bind many 
polyphenolic confounds, hence may influence subsequent metabolism of compounds 
such as flavonoids, There also exists a proliflc "gut’ flora in the oral cavity (Drasar and 
Hill, 1974), Wiich again, may have some bearing on the digestion and metabolism of 
substances such as flavonoids.
Figure 3.10 demonstrates the variation in the volume of the water or (+)-catechin 
solution drunk throu^out the experiment.
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Figure 3.10 Drink volume profiles during Study One — the vertieal arrows denote 
resting periods of two days, where drink data were not recorded, hence 
data are discontinuous.
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Notably, the variation was greater in the first half of the study, \^ e n  the animals were 
maintained on GR3 diet. A peculiar aspect of the drink profiles for the two rats, is that 
the rats appear to drink at similar rates — a Actor which might be associated with the 
rats being hi the same temperature controlled environment, hence requiring similar 
volumes of hquid per day. Additionally, the rats are housed in perspex cages, (ie. in 
sight of each other) hence when one drinks, the other might be inpelled to do the 
same. This correlation between the drink volumes for the two animals is in Act heÿful 
in maintaining a matching intake of (+)-catechin during weeks two and four. It is 
desirable that there is minimum variation in the dose of (+)-catechin received by each 
rat, since the metabolism of this corrpound might be altered at different dose levels (a 
Actor to be examined m the later studies).
A visual corrparison of each of the urine chromatograms from the (+)-catechin fed 
periods (Figures 3.6-3.9) with their counterparts from the control periods (Figures 
3.2-3.5) demonstrates considerable differences in the urine when a solution of this 
flavonoid is consumed. The changes can be cAssified as either peaks which appear at 
different leveA on both control and test chromatograms (e.g. the peak AbeHed "*’), or 
novel peaks, absent on the chromatograms of control urine (e g the peak Abelled "(+)- 
catechin metabolite’). For sinplicity, only these two peaks will be discussed, to 
demonstrate the variations between the feeding periods. A more conplete discussion 
of (+)-catechin metabolism is given in Study Three (Chapter Four).
As with the control situation, the type of basal diet consumed by the animals causes 
differences in the chromatograms of the experimental urine. For the two rats, urine 
output with the ( ^ 3  diet was qualitatively almost identical in the control periods, and 
this remained the case on consunption of (+)-catechin. Consunption of the CIO diet 
during the control period again was qualitatively almost identical for the two rats, but 
during the test period, the consunption of (+)-catechin gave rise to certain qualitative 
differences between the urine from the two rats. Quantitative differences between the 
two rats were apparent during both the control and test periods, when the rats were 
maintained on the CIO diet./ To illustrate these differences. Figures 3.11 and 3.12 
compare leveA of the two types of metabolite for each rat during both periods.
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figure 3.11 Levels of compound in rat urine during Study One (data normalised 
for urine volume).
F em ale
w a te r
figure 3.12 Levels of conqiound *(+)-catechin metabolite’ in rat urine during Study 
One (data normalised for urine volume).
It is evident, that urinary levels of metabolite are not increased by consunq)tion of
(+)-catediin in both rats, when GR3 is fed as the basal diet, though this was only 
repeated in the female rat, when CIO was provided. Levels of the ‘(■‘"Vcatechin 
metabolite’ are slightly higher in the female rat \^hen consuming GR3. A change to the
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CIO diet reduces urinary levels of this metabolite, though now, the output from the 
female rat is significantly greater than that of the male.
In aimmaiy, results fi'om this small study indicate that feeding a purified CIO diet 
results in a reduced output of 280 nm-absorbing conq)ounds in urine and so this is the 
diet to be used in future flavonoid feeding studies. It is unclear whether the variation 
in output of the two conq)ounds giving rise to the peaks labelled and *(+)-catechin 
metabolite’ on the urine chromatograms is due to gender or inter-animal variability, but 
a much larger study, beyond the scope of this present investigation would be required 
to clarify this.
3.4 Chromatogram Interpretation
It can be seen firom chromatograms produced fi'om the saroples in study one, that urine 
is a conq)lex mixture of many 280 nmrabsorbing conopounds. Providing operating 
conditions, particularly solvent conposition and column tenperature, are closely 
controlled then the retention time for a given substance will vary little, allowing visual 
conparison of chromatograms (as in Section 3.3.2) to be made easily and accurately. 
Indeed, conparison of the two peaks labelled **’ and ‘(+)-catechin metabolite’, was 
readily achieved by visual conparison of the chromatograms, because of their 
prominence against the other smaller peaks. However, should similar conparisons 
have been required for smaller peaks, perhaps eluting very close together, it can be 
envisaged that sinple visual matching of two urine chromatograms would be 
insufficient to denote the singularity (or not) of two peaks on different chromatograms. 
Such confiision is intensified by uncontrollable variations between runs, leading to 
between-chromatogram retention time shifts for peaks. Inadequate mixing of the two 
solvents, giving rise to an irreproducible gradient might be the cause of such a 
problem, Wiile general wear on the internal conponents of the pump are likely to 
exacerbate any defect in programmed solvent mixing by the punp (Dolan, 1996). 
Additional discrepancies arise as the column ages — particularly pertinent to long 
running analyses such as urine profiling in feeding studies, where sanples obtained
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early in the study, need to be conq)ared with sangles produced perhaps months (and 
many hours of cohimn-use) later. Because of such variations, it is unwise to assume 
that a peak in one chromatogram having a retention time close to a peak in another 
chromatogram are necessarily identical (or conversety dififerent), unless supporting 
evidence is available. This may be obtained in a number of ways, but the weigjht of 
these methods are not of equal inq)ortance, because of the inherent limitations of each 
method. The following list demonstrates the ideal sequence of steps by wdiich peaks 
on chromatograms are conqpared.
1) Pattern Matching : Although urine is a conq)lex and variable mixture, certain peaks 
are always present on urine chromatograms with detection at 280 tun. Such peaks 
are visual anchors, and the relation of new peaks to these anchor-peaks often 
provides the primary match for two peaks.
2) Urine / urine spiking : It is common practice to add a known conq)ound to ‘spike’ a 
sanople to ascertain whether it is an intrinsic conoponent of the original mixture. 
Similar information can be obtained by the conparison of a chromatogram of a 1:1 
mixture of two dififerent mine sanples, with chromatograms of the individual 
sanples (diluted 1:1 with water). Peaks common to both mine sanples are obvious, 
by their increased peak area in the chromatogram of the urine mix.
3) Spectral data : Use of the diode array or rapid scanning detector and certain 
software features, allows spectra for any time point on the chromatogram to be 
taken. Conpaiison of spectra provides an extra parameter for peak identification.
3.5 Study Two — Comparing The Production Of Urinary 
Fiavonoid Metaboiites By Conventionai And Germ-Free 
Hooded Rats
With the results of study one in mind, a second feeding study was planned — this time 
to include (-)-epicatechin, galhc acid and the (-)-^igallocatechm gallate pr^ared 
fi:om green tea (Chapter Two).
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The primary aim of the work described within this thesis, is to quantify urinary 
metabolites of a fiavonoid conpound in rats and relate this to input of the parent 
conpound — a metabolic calibration curve. Such a correlation between input and 
outi)ut would be assumed to hold true for any rat (or other member of the peeies 
within \^diich the calibration had originally been established).
The introductory discussion in Chapter One highlighted the differences in metabolism 
between conventional and germrffee rats. This second study was therefore carried out 
with a set of each type of rat, though it was fidly appreciated that the germ-free 
condition is a special case (arguably an unnatural state for the metabolism of any 
substance), and such a calibration curve constructed using germ-free rats would not be 
appropriate for estimating dietary burden of a substance in animals other than germ- 
ffee rats. The main interest hes with conventional animals, but this study provides 
some insight into the relative contribution of gut flora and endogenous metabolism to 
the chromatographic profiles of urine.
3.5.1 Study Protocol
Table 3.3 Feeding1 plan — Study Two.
Week Group A Groip B Urine coUection 
A B
1 adjustment adjustment X X
2 control adjustment y X
3 rest control X y
4 (-)-EGCG, 
[10 mg/ml] *
rest y X
5 rest (+)-Catechin, 
[10 mg/ml]
X y
6 Galhc acid; 
[0-5 mg/ml]
rest / X
7 rest (-)-EGCG, 
[0-5 mg/ml]
X y
8 (-)-Epicatechin, 
[0-5 mg/mfy
— X
* Conventional animals only
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Four conventional and four germ-flee female rats were randomly divided into four 
groups of two rats (‘A-conventional’, ‘B-conventional’, ‘A-germ-free’ and ‘B-germ- 
flee’). Prior to the start of the study, the animals were allowed an adjustment period 
of one week wdien their normal rat chow (GR3) diet was replaced with purified C 10 
diet — feeding of \^diich continued throughout the study. Feeding of the test 
substances took place on alternate weeks to ensure that metabolites of one substance 
had disappeared firom the urine by the start of the next feeding period. To minimise 
duration of the experiment, feeding to the two groups was staggered. The collection 
of urine and its subsequent treatment was the same as in Section 3.3.1.
3.5.2 Discussion Of Resuits
A sanple of each of the urines produced by all of the rats during the various periods of 
phenolic supplementation, was analysed by HPLC with detection at 280 nm The ideal 
steps for chromatogram interpretation are described in Section 3.4, but due to the 
nature of the HPLC software used to obtain the chromatograms of the conventional 
and germ-fi:ee rat urine in this study, qrectra are not available for the peaks. A 
conplete analysis of the urine sanples from this study was not possible (because the 
majority were lost, due to an electrical 6uk in the storage fteezer), hence 
chromatogram interpretation is not aided by information which would be provided by 
urine/urine spiking experiments. This means that conparison of the peaks, is made by 
pattern matching and retention time only. While this provides a good method of 
analysis, peaks with similar retention times, may be mis-assigned due to a lack of 
supporting evidence.
All ‘test urine’ chromatograms (Le. those of urine fi:om a rat maintained on a fiavonoid 
/ gallic add supplemented diet — weeks 4-8) were conpared with the chromatogram 
of correponding ‘control’ urine (weeks 2 and 3). Visual excamination of the urine 
chromatograms allowed an interpretation of \\diich peaks appeared on the 
chromatogram of a test urine but were absent (or not detectable) in the correponding 
control Such peaks were assumed to be metabolites of the test substance.
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If a peak on the test chromatogram is also found on the chromatogram of the control 
urine, it may indicate that :
(i) the two substances are different, but co-ehite.
(ii) the same metabolite arises from more than one precursor (Le. ffom the test 
substance and ffom basal metabolism).
(iii) a trace of the test substance was present in the control diet.
The ideal biomarker of consunption would be a well-defded metabolite having, even 
at low doses, a peak area vMch easily distinguishes it ffom baseline noise and is 
formed only ffom the test substance (or group of substances) for wiiich a biomarker is 
sought.
Although not the ideal, a peak seen in the control chromatogram but seen at a 
significantly greater size in the test chromatogram (see (ii) above), is theoretically a 
metabolite, and could still be of some practical value as a biomarker. This type of peak 
is however likely to give less precise data. For this reason, only novel peaks \^diich 
appear on feeding of the test substance will be classed as metabolites and potential 
biomarkers. Minor metabolites giving peaks on a test chromatogram, that are not 
distinguishable ffom baseline noise, or more significant metabolites that are not well 
resolved are likely to give poor quality data and will be avoided as possible biomarkers 
in these investigations.
The metabolite peaks will be defined numerically, correponding to the annotation on 
Figures 3.13-3.19. The metabolite data are presented in tabular form — entries for 
common metabolites made on single rows of the tables.
3.5.2.1 Germ-Free Rats
Figures 3.13-3.15 ^ow  pairs of urine chromatograms ffom germ-ffee rats. Each 
figure includes chromatograms of both control urine and urine ffom one each of the 
test weeks.
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For the four phenoHc confounds fed to the germ-free rats, Table 3.4 shows the 
presence and relationship of their metabolites, as identified by novel peaks on the test 
chromatograms.
Table 3.4 Study Two — Urinary metabolite peaks — germ-free rats.
(-)-EC 
Peak Number 
(RT (min))
(+)-€ 
Peak Number 
(RT (min)^
(-)-EGCG 
Peak Number 
(RT(min))
Galhc add 
Peak Number 
(RT(min))
1
1 1
2
'....................... M l l l l l l l I l r ï r ï r ï ' i l I l ' i ' iM M II M M m i l M
3 2
3
4
2 5
6
3
4
7
5
6
7
8
i) In the germ free rat, the general assunption is that all metabolism is mediated by 
endogenous enzymes. This allows for a clearer picture in terms of fiavonoid 
metabolism, in that all ring fission processes will be supended, since these are 
mediated by the gut flora (GrifBths, 1982). The difference in stereochemistry at 03 of 
(+)-catecJiijti and (—)-epicateclmi results in their clear separation by BPLC. Since the 
use of germ-free animals ehmmates gut flora-mediated ring fission processes, one 
might expect the fiavanol skeleton to remain intact in products of endogenous 
metabolism.
A corollary of this, is that one would expect few, if any, metabolites common to both 
(+)-catechin and (-)-epicatechin since this would require loss of (at least) the centre of
stereochemistry at C3. Indeed, there are only two peaks (1^^ and l ' ';  2^^and 5^).E C
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\\hich appear to be equivalent on chromatograms of urine from (-)- epicatechin-fed and 
(+)-catechin-fed animals. The former pair are very small peaks, and as such may have 
been present in control urines, though at levels below the limits of detection. Loss of 
the distinctive stereochemistry (e.g. by the action of an isomerase enzyme — Section 
3.5.2.3) could produce a metabolite common to both parent conpounds — a possible 
ahemative explanation for these pairings.
ii) By visual inspection of the chromatograms concerned, there seems to be a 
metabolite common to (+)-C and galhc acid (3^ and 2^^). Due to the arrest of ring 
fission in the absence of gut fiora, it is difficuh to postulate a common metabohte for 
these two fed conpounds, hence two chemically different but co-eluting peaks m i^ t 
be reponsible for this match.
iii) There are no detectable metabohte peaks for (-)-epigahocatechin gallate. This 
resuh does not exclude absoption or metabolism because the dose fed to these rats is 
rather low and feeding should be repeated at a higher dose to vahdate this finding.
3.5.2 2 Conventional Rats
Figures 3.16-3.19 show pairs of urine chromatograms from conventional rats. Each 
figure includes chromatograms of both control urine and urine from one each of the 
test weeks.
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For the four phenolic conq)ounds fed to the conventional rats, Table 3.5 shows the 
presence and relationshÿ of their metabolites, as defined by novel peaks on the test 
chromatograms.
(->EC
Peak
(RT/mia)
(+)-C
Peak
(RT/min)
(-)-EGCGPeak
(RT/min)
Galhc acid Peak 
(RT/min)
1 1
2
1
1 ■
2
2
3
2
3
3
4 4
5 5 3
6 6
7
8 4
9
AH -Hi- ,VH . ++■" 7 5 1 ^  ■ ' ■|[iw ■&***■ ' +*VI
10 8 6
*11 9 7
10 8
11
this assignment most probably represents two fused peaks.
This initial feeding study of the four test substances to conventional animals in tandem 
with germ-fi:ee animals provides information as to the extent of polyphenol metabolism 
by the gut fiora. However, this study has been very much a pilot study, to highlight 
pit&lls, and allow optimisation of the study protocol Whilst data fi:om the 
conventional animals is effective for conq>arison with data regarding germrfiree 
animals, an in depth analysis of metabolism of the test substances in conventional 
animals is better made fi*om the refined feeding protocol developed for Study Three 
(Chapter Four).
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3.5.2 3 Conventional And Germ-Free Metabolism Compared
Table 3.6 establishes the relationshÿs between urinary metabolites of the fed
surround denote "major metabolites' for a confound.
Table 3.6 Study Two — Urinary metabolite peaks — germ-free / conventional 
rats.
Peak Number
(->-EC
Conv.
i-y E c
G.E.
(+yc
Conv,
i+ yc
G.F.
(“)
EGCG
Conv.
(-)-
EGCG
G.F.
Galhc
add
Conv.
Galhc
add
GF.
1 1 1
2
1 1
1 2
1
2
3 3 2
VH-+ V 4+1+ .. AW." 3 3
3 4
2 2 5 'l ! ! ! t ! ! 1 ! ! t 1 > 1 t > 1 t > 1 > 1 > 1 1 1
3
4 4 6
5 5 3
6 3 6
7
8 4 4
7.
9 5
7 5
10 6 8 6
11 7 9 7
10 8
11 8
Excluding the period of (-)-epigallqcatechin gallate supplementation, \\diere no 
metabolites could be identified in urine from the germ^fiee animals (maybe due to the 
low dose supphed), at least 50 % of the metabolites for any |fed ^ c o r^ o u ^  are
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common to both conventional and germrfiee animals. In all three cases ((-)- 
epicatechin, (+)-catechin and gallic acid feeding), at least one of these shared 
metabolites is either the major metabolite, or is one of the major metabolites for that 
fed coispound. Therefore, the presence of the gut flora modifies the metabolism of all 
the compounds so that although the original endogenous metabolite may still remain a 
major metabolite, there are now additional major metabolites.
Any metabolite present in both germ-fiee and conventional rats is certainly formed by 
endogenous metabolism. Assuming that absorption is equal, significantly different 
levels of such a metabolite in the two types of animal would suggest that a number of 
processes might be occurring:
a) A lower level of metabolite in urine fiom the conventional rat would inq)ly that:
(i) Similar quantities of the metabolite are produced in conventional and germ, 
firee animals, but in the former, the gut flora break down the metabolite.
(ii) The gut fiora provide a conçetitive pathway for the metabolism of the 
parent conq)ound (and in doing so, produce a different metabolite) leaving less 
to be metabolised by the original pathway.
b) A higher level of metabolite in urine fiom the conventional rat would inq)ly that:
(i) The conq)etrtive pathway (a(i)) may operate, but the metabolite fiom both 
pathways might be the same.
Pattern recognition was the primary means by \rinch the metabolite peaks were 
matched, on the chromatograms of urine fiom conventional and germ-fiee rats. 
Therefore interpretation of common metabolites, though tentative, will provide a basis 
for conclusions to be drawn fiom subsequent feeding studies.
As might be e jec ted  fiom the structural similarity of the parent conq)ounds, there are 
a number of metabolites common to (-)-epicatechin and (+)-catechin. This is more
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pronounced in the conventional animals (45 %) than in germ-fiee animals (20 %). The 
presence of metabolite peaks common to urine chromatograms of conventional (-)- 
epicatechin-fed and (+)-catechin-fed rats, inq)lies that metabolites giving rise to these 
peaks do not retain the stereochemistry of the central C-ring (the only region at vriiich 
the precursor flavanols differ (N.B. the HPLC column used, cannot resolve (+)- 
catechin and (-)-catechin — j which differ in ^ereochenristry at C2 and C3, but will 
resolve (-)-e/7/catechin and (-)-catechin — which differ in stereochemistry at; Ç2).
It may, therefore, be postulated that the original stereochemistry at | C2 has been 
destroyed in the metabohte of at least one of the parent flavanols, or that ÎÇ2i (and 
probably other carbon atoms) have been removed to yield fission products. However, 
ring fission is mediated solely by the gut fiora, so these peaks should be absent fiom 
chromatograms of urine fiom germ-fiee rats fed the same substances. In most cases, 
at least one of the metabolites fiom the (-)-epicatechin/(+)-catechin pairs, also appears 
in urine fiom germ-fiee animals fed the same test substances, which suggests that these 
were not ring fission products. Other possible explanations include:
a) The action of an endogenous isomerase The interconversion of enantiomers (ie 
the (+) and (—) forms of a conpound) is common in the metabolism of many drugs 
— in man, racemic and pure (+)-ibuprofen are converted to (-)-ibuprofen, though 
the reverse reaction does not occur (Trager and Jones, 1987). Whether 
diasterioisomers such as catechin and epicatechin could interconvert in a similar 
way is unclear, but would allow the production of a final metabolite common to. 
both parent conpounds.
b) It is possible, that the pairs of metabolites are products of a secondary metabohc 
reaction in the rat, so are not direct metabolites of the fiavonoids, hence discount 
any necessity for ring fission leading to exclusion of the 3-OH, vAiich. would 
require the presence of gut fiora.
c) The peaks do not arise fiom the same conpounds, even though their retention 
times match.
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ii) Of the peaks discussed in part (i), the majority are also common to (-)- 
epigallocatechin gallate. The B-rings of (-)-epicatechin and (+)-catechin are identical, 
\riiereas that of (-)-epigallocatechin gallate has an OH group at position 5'. To obtain 
a common metabolite for (-)-epigallocatechin gallate would require dehydroxylation at 
the 3' or 5' position, or hydroxylation at the 5' position for (-)-epicatechin and (+)- 
catechin. Although dehydroxylation of ring fission products of 3',4'-dihydroxylated 
fiavonoids is known to occur, dehydroxylation of intact fiavonoids seems not to have 
been observed (Griffiths, 1982). Such (ring fission) products would not be expected in 
urine fiom germ-fiee animals and since all but the first peak trplet, were also seen in 
urines fiom germ-fiee animals, only metabolite 3^^®  (conventional animals only) 
could possibly arise by such a mechanism. Hydroxqdation has previously been reported 
only in fiavanones such as naringenin and then in the A-ring and to only a minor exctent 
(Hackett et al, 1979), hence this process also seems unlikely to be occurring here.
There is an additional peak common to (+)-catechin and (-)-epigallocatechin gallate ; 
7 and 5 , though not shared by (-)epicatechin. The (+)-catechin metabolite is
not found in urine fiom germ-fiee animals fed this conpound, though Wiether the 
same is true for the (-)-epigallocatechin gallate metabolite is unclear, due to the low 
dose fed to the germrfiee animals.
iii) There are no obvious peaks common to urines fiom animals fed galhc add and (+)- 
catechin or galhc add and (-)-epigahocatechin gallate, although there does appear to 
be a small early eluting peak shared by those fed galhc add and (+)-catechin. Whilst 
this result is not particularly surprising for (-)-epicatechin (this would require 
hydroxylation of the fiavonoid molecule, wdiich as explained in point (h) is unlikely), it 
seems peculiar that there should be a metabohte common to (+)-catechin and galhc 
add. It might be expected that hydrolysis of the gallate group fiom (-)- 
epigahocatechin gallate would produce metabolites eommon to galhc add, but fiom 
these data this is not apparent. Study Three (Chapter Four) wUl explore the exdent of 
common metabolites, when galhc add is fed at a higher dose.
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3.6 Investigations into The Material Of Rat Drink 
Bottles
One-further consideration was taken into account During the prehminary feeding 
studies (Section 3.5), sanq)les of the drink solutions were san^led for analysis at the 
end of the 24 hour period that they had been available to the animals. Analysis 
indicated that both e?q)osure to light and contact with the rubber stoppers of the 
drinking vessels caused changes in the havan-3-ol content of the test drinking 
solutions. Most change was seen in the more dilute solutions of the test substances — 
a darkening in colour of the solutions occurred on e?q)osure to light, Wiilst 611 in 
concentration of the test substance occurred on contact with the rubber stopper 
(presumably suggesting some kind of adsorption process to the rubber). Therefore for 
Study Three (Chapter Four), the standard drinking vessel (a plastic bottle and rubber 
stopper) was replaced with a glass bottle and inert silicon stopper, and the new vessel 
was wrapped in aluminium foil for the duration of the study. Figure 3.20 demonstrates 
the effect of the two types of stopper on a concentrated solution of (-)- 
epigallocatechin gallate.
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Figure 3.20 The effect of stopper material on gallic acid content of an (-)-epigallo- 
catechin gallate solution (a stopper is absent from the control).
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Figure 3.21 The effect of stopper type on ( )-epigallocatecbin gallate content of an 
(—)-epigallocatecbin gallate solution.
It can be clearly seen, ffom Figure 3.20, that on standing (in the dark) ff)r a number of days, 
the amount of gallic add in the solution of (-)-epigaIlocatediin gallate, greatly increases, so 
rather than being a small is^urity, becomes the predominant compound — the final peak 
area being greater than that of the original peak area of (-)-epiga]locatediin gallate (Figure 
3.21). Data ffom the control would suggest that this occurs in an (-)-epigallocatediin 
gallate solution alone (Le. without the stopper), although the presmce of eadi type of 
stopper, qipears to accelerate these phenomaia (the increase in gallic add and decrease in 
(-)-q)igallocatediin gallate concentration).
There are two obvious differmces in the stoppers on visual examination;
(i) Thdr relative sizes — the rubber stopper being rou^ily three times the size of the silicon 
stopper — Le. any reaction might need a solid interffce upon >^ hich to occur, hence 
size of stopper would be inqiortant.
(ii) Their conçosite materials — the rubber obviously a différait material ffom the silicon 
— this could be directly reqionsible for the difference (Le. by absoiption of the
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fiavonoid solution), or might he indirectly responsible, pediqis by causing a pH change 
in the solution, promoting degradation of the fiavonoid substance.
Either of these two possibilities might provide e^lanation for the differences in the rate of 
(-)-q)iga]locatediin gallate decrease and gallic add increase, although the in^ortant point, 
is that degradation of the original test substance is slightly greater with the rubber stopper. 
The protocol fi)r refreshing the test drinking solution dai^  ^is therefore prudent, A^ hilst the 
modification in stopper material hopefully minimising degradation
3.7 Discussion
3.7.1 The Induction Of Metabolic Enzymes
The cytochrome P450 isoenzymes (CYP450) were introduced in Chapter One, as was 
the phenomenon of induction of certain conqionent enzymes, resulting in a selective 
increase in the activity of some of the constituent metabohc pathways to aid 
metabolism of certain types of molecule. A vast literature exists, regarding the 
induction of various components of the xenobiotic metabolism system In the hght of 
the feeding eiqieriments undertaken with the rats and human subject, it is pertinent that 
the rudiments of these processes are discussed to aid the subsequent interpretation of 
the urine and 6 ecal analysis in later chapters.
Induction is brought about by the increase of specific mRNAs A^ch code for the 
various enzymes (loannides and Parke, 1990). Depending on A^ diich enzymes are 
induced, the conqiarative activity of non-induced enzymes wiU effectively be reduced. 
Thus if a conqiound is activated by one pathway, but deactivated by another, the 
balance of enzyme activity in the opposing pathways wiU determine the Overall effect 
of the xenobiotic. Induction of some cytochrome P450 isoenzymes is receptor 
mediated — achieved by the binding of the inducer molecule to a cytosohc locus 
termed the ‘Ah receptor’. This inducer-receptor conq)lex then traverses the nuclear
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membrane to initiate the induction mechanism (Gibson and Skett, 1994). In humans, 
there are three main sub-6 mihes of the cytochrome P450 system i^ c h  are particularly 
inducible ; CYP450I, CYP450II and CYP450III (Michnovicz and Bradlow, 1994). 
Every Individual will be genetically programmed to e?q)ress certain proteins (such as 
enzymes) to certain degrees, hence until induced by any of the frctors listed below, 
constitutive enzyme levels will be determined by the innate physiology of the 
individual Adjustment of phase I and n  enzyme levels by ‘non-genetic’ Actors is 
primarily mediated by chemical intake and dietary status, though gender and age are 
also ofinqiortance:
(i) Chemical intake includes those confounds introduced to the body intentionally 
Le. anutrients and drugs, together with those from environmental pollutants 
(Parke, 1975).
(ii) The ratios and quality of protein, carbohydrate and At m the diet are inoportant, 
together with the physiological effects of Asting (Basu, 1988), (Gibson and Skett, 
1994).
(iii) Age — in many qiecies, enzyme levels are low at birth, but rise so that actual 
levels of enzyme and potential for enzyme indudbility are high m young adults, 
but All off with increasing age (loannides and Parke, 1990).
(iv) Gender affects the levels of some Amilies of cytochrome isoenzymes. CAssically, 
males are thought to metabolise many xenobiotics more rapidly than females. 
Differences in Phase II reactions such as ghicuronidation and su^hation are 
especially apparent (Gibson and Skett, 1994).
While the thrust of the work described m this chapter was to devise a protocol suitable 
for the feeding of fiavonoid conpounds and the subsequent identification of their 
urinary metabolites, consideration has also been given to the reduction in the 
‘background noise’ from other phenoHc constituents of the diet. Such dietary 
modifications — maintenance of rats on a purified CIO diet (rather than GR3 diet), did
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indeed Adhtate the identification of new peaks on test chromatograms by reducing the 
potential for confusion firom basal dietary urinary constituents.
Such dietary modification, however, should also be addressed in terms of modification 
of the levels of cytochrome P450 enzymes, by their induction. Induction of certain 
cAsses of these enzymes has been demonstrated by adjustment of the ratios of 
proteins, carbohydrates and Ats m the diet.
3.7.2 The Effect Of Diet : GR3 (Rat Chovs^  Versus C10 (Purified)
Although minimal sanple sizes were used, conparison of the chromatograms of the 
urine from control and (+)-catechin fed rats consuming both diets, demonstrates the 
different profiles obtained on consunption of C^3 diet and CIO diet. Firstly, the two 
chromatograms of control GR3 fed urine (Figures 3.2 and 3.3) show the similarity 
between the male and female rats. The Ack of variation between the animals A 
maintained on consunption of (+)-catechin — the urines being qualitatively very 
âmüar, ^ough variation betwcm the expression of particular (+>catedhim metabolites 
does vary. On consunption of the purified CIO diet, differences between the rats 
become more apparent — on both control and (+)-catechin|^fed chromatograms, the 
male rat appears to have a sUgbtly lower concentration of both ‘background 
metabolites’ (Figure 3.5) and actual (+)-catechin metaboAes (Figure 3.7). ThA may 
be due to gender differences or sinply animal to animal variation.
In rats, the activity of MFC enzyme ‘aryl hydrocarbon hydroxyAse’ (AHH) / 
(CYP4501A1 (Gibson and Skett, 1994)) (for \riiich polycycHc hydrocarbons, 
widepread environmental pollutants, are the major substrates) A highest m the small 
mtestine — leveA similar to that of the liver, though thA activity decreases as the ileo- 
caecal junction A approached. LeveA of thA enzyme are low in the large mtestine and 
the stomach. Similar analyses Aow thA distribution to be conparable m other pedes, 
mcAding man (Wattenberg, 1962). ThA enzyme A mduced by its polycychc 
hydrocarbon substrates (e.g. benzo[a]pyrene (BP)), together with other types of
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chemical — notably the cAss of fAvonoids, fAvones (Wattenberg et al, 1968a). 
Capacity for mduction A not uniform for other fAvonoid cAsses, because it A the 
extent of hydroxyAtion that appears to determine thA process — quercetin does not 
induce AHH activity, while taugeretili and nobiletin (naturally occurring fAvones) are 
moderate mducers. Structural modifications of poljhydroxyAted fiavonoids that 
promote induction of thA enzyme activity mcAde halogénation at the 4' position and 
conversion of hydroxyl to methoxy groups (Wattenberg, 1972). Induction of AHH by 
BP or fAvones A highly desirable if hydroxyAtion of a carcinogen substrate enhances 
its clearance firom the body. Induction of AHH prior to administration of 7,12- 
dimethylbenz[a] anthracene (DMBA) to rats prevents the tumour formation usually 
seen with this conpound (Wattenberg, 1972).
During animal studies to assess such mduction, it was found that AHH activity A 
almost non-existent prior to mduction through exposure to ‘environmental Actors’ 
(thA term mcAding conponents of the diet) (Wattenberg, 1972). Therefore, A^en 
AHH activity was lost as a result of Asting or provision of a At firee diet, (and 
supplementation of thA At fi*ee diet with various Ipids did not restore AHH activity), 
the effect of the type of diet fed to the animals was mvestigated. Further studies 
diowed that the type of diet fed was inportant, not the Ipid content — rats fed a 
purified diet (of similar conposifion to the CIO diet used m the studies described m 
thA chapter) lost all AHH activity m the small mtestine (Wattenberg, 1970; 1971). 
Starvation and consunption of a purified diet also arrested #-demethyAse activity of 
the small mtestme. These effects were not seen \Ahen the rats consumed rat chow 
(Purina rat chow) (Billings and Wattenberg, 1972), a Act also observed m other 
pedes (rabbits, mice and hamsters) (Wattenberg, 1972)
The mducing ability of the rat chow diet was traced to the vegetable content of thA 
diet, m thA case pecifically to the alfalA meal constituent. Other types of vegetable 
have such inducmg ability, though particular aptitude was seen by members of the 
Brassicaceae Amily (prouts, cabbage, turnips, broccoh and cauliflower) (Wattenberg, 
1972). More recent studies demonstrate the ability of such vegetables to mduce P450 
activity in humans. Addition of cruciferous vegetables (cabbage types) to the diet
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produces a significant decrease in the incidence of DMBA-induced breast tumours in 
animals. This effect is echoed on a larger scale, through the analysis of 
epidemiological data wiiich links increased intake of cruciferous vegetables with a 
lower incidence o f  many forms o f cancer. It A actually a group o f  chemicaA within 
these vegetables called indoles, that are reponsible for these effects — their capacity 
for induction common to both phases of xenobiotic metabolism ; P450 (phase I) and 
conjugating (phase H) enzymes (Michnovicz and Bradlow, 1994).
3.7.3 Induction By Fiavonoid Compounds
Such effects have also been seen with green tea extracts (GTE). In mice, the activity 
of liver 2-hydroxyAse was mcreased by addition of GTE to their diet. ThA enzyme 
conpetes with 16a-hydroxyAse m the metabolism of oestrogen. The product of the 
16a- pathway can exert detrimental effects, \Ahereas the product of the 2- pathway A 
inactive. Hence, induction of 2-hydroxyAse enzymes leveA A desirable. (Michnovicz 
and Bradlow, 1994). Rats provided with green tea brew in place of drinking water for 
four weeks experienced a large induction of hepatic UDP-ghicuronosyl transferase (a 
phase n  enzyme) activity, though no modification of any phase I enzymes was 
observed. (Bu-Abbas et al, 1994).
Such studies with \riiole green tea, are mevitably subject to the effects of caffeine 
mgestion ((Figure 2 .2) demonstrates the caffeine content of such a brew). Findings 
that feeding of green tea brew to rats induces the hepatic cytochrome P450 protein 
CYPIA (Bu-Abbas et al, 1994), (which A closely correkted with the activation of 
some chemical carcinogens (loannides and Parke, 1990)) must be assessed in terms of 
the caffeine content of such a drinking solution m hght of the finding that oral 
administration of caff^e  mduces hepafic CYP1A2 (Ayalogu et aU 1995). ThA apect 
has recently been addressed (Chen et al, 1996) and it was found that whole 
(caffeinated), but not decaffeinated green tea induced CYP1A2.
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3.7.4 Extrapolation To The Experimental State
It therefore appears, that feeding of rat chow ( \^ c h  contains various vegetable 
extracts) induce c^a in  conq)onents of the phase I and/or phase H systems, \^Mst 
feeding a purified diet may modify these enzyme levels, but to a different extent. If 
levels of certain enzymes are modified by the basal diet (Wiichever it may be), then 
obviously, the metabolism of any test confound fed in conjunction with this diet will 
depend on the levels of the various enzymes Wiich mediate its metabolism. In a test 
situation, these Actors can be taken into account. However, if the results of a test 
system are to be extrapolated to a fiee living situation, the diet followed in a non­
controlled situation is likely to be rather different fiom the test situation. The urinary 
metabohc profile produced by the rats consuming (+)-catechin and GR3 was different 
from that of urine fiom rats consuming (+)-catechin and CIO diet. The situation may 
appear conq>lex for rats, but these problems are likely to be many times greater for 
humans. The diversity of diets consumed by humans, and varied environmental Actors 
that individuals are e?^osed to makes the concept of metabolism highly conq)lex, 
hence extrapolation of metabolism studies in humans is likely to be clouded by a large 
number of variables.
A further consideration, is that the P450 enzyme systems are also present in bacteria 
(loannides and Parke, 1990). These bacterial enzymes are also inducible, hence can 
alter bacterial metabolism without affecting the numbers of organisms (Chadwick et al, 
1992). Many early studies mto the nature of the gut flora, found there to be little, if 
any link between diet and size/type of population (reviewed in chapter one). In fight of 
the presence of inducible (and repressible) enzymes Wfich mediate the gut flora 
metabolism of xenobiotics, it is possible that diet influences the metabolic activity of 
the gut flora to a far greater degree than was previously conceived. The classic 
example of gut-flora enzyme induction is that of the metabolism of cyclamate (a 
sweetener) by the microbial enzyme sulAmatase. Significant metabolism of cyclamate 
only occurs in humans/animals previously exposed to this conq)ound. A similar effect is 
observed when rutin is fed to rats; rutin (0 5-2 5 %) in a purified diet increased the P- 
glycosidase activity of Ae (caecal) gut flora in a dose-dependent manner (Rowland,
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1988). This result suggests Aat in contrast to some endogenous P450 isoenzymes of 
rats, bacterial phase I / phase II enzymes may be induced by classes of flavonoid oAer 
than flavones.
The gut flora can also exert its action at sites distant fiom the intestine. The potential 
of Ae fiver to activate a range of food mutagens was investigated in relation to Ae 
induction of Ae P-glycosidase activity of Ae gut flora by feeding wiA rutin. Liver 
preparations (S9 fiaction) fiom Ae rutin treated animals significantly increased Ae
activation (by phase I enzymes) of Ae food mutagens^Q, MelQ and MeIQ%, whereas
activation of aflatoxin was unchanged and quercedn (Ae aglycone metabolite of rutin) 
was reduced (Rowland, 1988). The gut flora and endogenous enzymes responsible for 
Ae metabolism of xenobiotics, may Aerefore influence Ae levels of corqplementary 
enzymes in Ae oAer system — Le. \Aen Ae gut flora enzymes (P-glycosidase) Wiich 
metabolise rutin to quercedn are induced by consunq)tion of rutin, Ae endogenous 
phase I enzymes of Ae fiver wfiich also mediate this reaction are correspondingly 
reduced, Aerefore reducing Ae potential burden of quercedn in Ae system.
3.7.5 The Influence Of Dietary Fibre On Xenobiotic Metabolism
Dietary modificadons were made for boA Ae rats and Ae human subject v/bjlst Ae 
feeding stuAes were carried out. The basal Aets consumed by boA were designed to 
contain Ae minimum amount of flavonoids. Since flavonoids are found in plant based 
foods, it is inq)ortant to examine Ae consequences of omission of this type of food 
fiom Ae Aet, so that any degree of modificadon to Ae physiology of Ae animal can be 
assessed. Plant foods provide fibre in Ae Aet. FAre is a collective term for a group of 
food materials, indigestible by mammalian Agestive enzymes. Dietary fibre can be 
subdivided by its degree of microbial fermentadon ; fignin (indigestible), cellulose and 
hemiceUuIose (partially Agestible) and pectin (generally Agestible) (Wise et al, 1982). 
Hence, type of fibre in Ae Aet of host animals is highly significant to Aeir gut flora — 
Agesdble fibres provide a source of energy for fiuAer bacterial growth, Wiereas fignin
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serves only to dilute Ae gut flora (and Aeir associated enzymatic metabolic activities) 
(Rowland et al, 1985). Depending on conoposition and Agestibility, fibre can bind 
chemicals, provide Aecal bulk and affect intestinal transit time (Rowland et al, 1985). 
The inportanee o f  gut motility in gut flora distribution and population size, was 
discussed in chapter one, whereas Ae significance of Ae presence of a substance in Ae 
gut which is able to bind to chemicals is clear — a substance A^ bich binds xenobiotics 
and carries Aem through Ae gut at an increased rate, decreases Aeir chances of 
interaction wiA enzymes of Ae intestinal wall or Ae gut flora, Wiilst reducing Aeir 
absorption and Ae consequences wbich may ensue.
A conprehensive review paper (Rowland et al, 1985) eonpares and eontrasts a large 
number of Aetary stuAes in boA humans and rats. Two sources of nutrients for Ae 
gut flora are unabsorbed host-Agestible conponents of Ae Aet (proteins, Ats and 
carbohyAates), and fermentable fibre (host-inAgestible). To obtain information as to 
Ae effect that modification of Aet conposi&on has on Ae gut flora (in boA terms of 
numbers and enzyme activity), many feeding stuAes have been initiated, Aough it is 
found that much of Ae resulting information is highly conflicting. The contrasting 
resuhs obtained fiom such stuAes appear to have arisen because full consideration has 
not been given to three main Actors :
1) Amount of At, protein, carbohyAate and fibre m Ae Aet.
2) The ratio of each of Aese conponents to one anoAer.
3) The source of each Le. fibre: cellulose (non-fermentable) or pectin (fermentable).
Obviousfy, Ae less able Ae host is to Agest Ae Aet, Ae greater Ae proportion of 
nutrients remain for Agestion by Ae gut flora — nutrition leading to selective mcrease 
of bacterial mass of Ae fermenters. Therefore, modification m enzymatic metabolism 
can be attributed to boA :
(i) An increase in population size wiA unchanged enzyme output.
(ii) Unchanged population size wiA pecific enzyme induction.
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The CIO Aet is highly defined, Ae fibre conponent provided by Ae a-celhilose (5 % 
w/w). At this level, gut flora enzyme activities AoAd remain unaffected, Aough 
above this value (> 10 %) bacterial azo-reductase, p-ghicosidase and nitrate reductase 
-activities (caecal) decrease and levels of bacterial p-ghicuronidase only increase at a 
a-celhilose content of 40 % or above (Rowland et al, 1985). These effects are due to 
Ae inAgestible nature of cellulose causing a diluting effect on gut flora contents.
The GR3 Aet is less defined — information as to Ae exact ingreAents was not 
provided by Ae manuActurer, Aough Ae high proportion of * cereal products’ (79 % 
w/w) must surely provide a larger proportion of unfermentable fibre than Ae CIO Aet. 
The descrption of Ae remainder of Ae GR3 Aet conponents ^ e  equally ambiguous 
— a Act which makes Ae CIO Aet Ar more desirable for Ae flavonoid feeding 
eperiments, Wiere Ae rats AoAd all be maintained on a strictly controlled Aet to 
allow as little basal varAtion in gut flora and endogenous enzyme levels, so that Ae fiA 
effects of flavonoid feeding can be observed.
The Aet consumed by Ae subject in each of Ae four periods of Ae human feeding 
eperiment, was onfy standardised wiA lepect to Ae omission of plant jfbased foods 
(wiA Ae exception of Ae refined A\Aeat flour in bread and pasta). Therefore, Aere 
was considerable reduction in Ae amount of bo A fermentable fibres (pectins) and non- 
fermentable fibres (celluloses). Whilst unfermentable fibres generally serve only to 
dilute Ae gut contents and proînote motility, fermentable fibres provide nutrition to Ae 
gut flora, hence woAd be likely to promote growA (wiA Ae concomitant increase in 
enzyme activity fiom Ae larger popuAtion). Therefore, any decrease m pectin 
consumption might decrease popuAtion size of Ae ‘fermenter-peeies’ of Ae flora, 
hence causmg changes m enzyme leveA. Rats fed a purified Aet supplemented wiA 
6*5 % citrus pectin were observed to have mcreased Aecal P-ghicuromdase activity 
(Bauer et al, 1979). ThA enzyme A of significance m Ae activation of many 
substances m Ae gut — Ae production of biologically active conpounds fiom Aeir 
‘mert’ conjugates. If an equal but opposite reduction was seen A leveA of P- 
ghicuromdase activity of Ae human gut flora, Aen Ae pattern of conjugated 
metabolites produced fiom flavonoid metabolism might be determmed by Ae Aet.
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3.8 Concluding Comments
In conclusion, Aough Ae effects of basal Aet must be considered m Ae feeding 
eperiments outlined m this chapter, if extrapoAtion to Ae ‘ffee-hving’ state A to be 
made, Ae measures taken at thA early stage of Ae research (Ae lowering of 
background fAvonoid metabolite leveA) are probably sufhdent for Ae scope of thA 
mvestigation — Le. Ae development of analytical procedures of urine analysA to allow 
a determination of Aetary burden of flavonoids by Ae quantification of Aeir urinary 
metabolites.
Four
Calculation Of Dietary 
Burden By HPLC Analysis
Chapter Four Calculation Of Dietaiy Burden By HPLC Analysis_____________139
4.1 Introduction
It was demonstrated m Chapter Three, that many Actors, including conposition of Ae 
basal Aet- and—metabolism by Ae gut flora, have significant effects on Ae 
chromatographic profile of metabolites produced fiom (+)-catechin and oAer green tea 
polyphenoA.
The stuAes reported in this chapter were designed to;
1) optimise Ae feeding protocol to sinplify interpretation of Ae chromatographic 
profile and to maximise Ae information obtained;
2) seek and test, in rats, a correAtion between dose of (-)-epicatechin and quantity of 
selected metabolites m Ae urine; and to
3) extend Ae input/output study to a volunteer.
4.2 Materiais
jaiiimali
For all stuAes, 9-week-old male Hooded rats (250 g) were supplied by Ae breeding
uifit at The University of Surrey. Their C^IO Aet was mixed ‘in house’ — Ae
corrposition of thA low-phenol send-synAetic Aet A documented in Appendix Two. 
The human volunteer was a healAy ferhale, aged 24.
(-)-Epicatechin, P-gtucuromdase (type HP-2 horn Helix pomatia — activity at pH 5-0; 
glucuromdase: 100 000 units/ml, suÿhatase: 5000 units/ml) and 1,4-saccharonoActone 
(suÿhatase irAibitor) were supphed by Ae Sigma Chemical Conpany Ltd (Poole, 
Dorset, UK).
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Analytical grade sodium acetate, formic acid, ethanolamine, hydrochloric add and 
HPLC grade acetonitrile were obtained fiom Fisons Ltd (Loughborough, 
Ldcestershfie, UK).
Green tea capsules were kindly supplied by Nestlé, each being Ae equivalent of a 
typical cup of green tea.
4.3 Study Three — Effects Of Dietary Phenols On 
Urine Composition In Hooded Rats
At this juncture, it was dedded to feed one of Ae test substances at a range of 
concentrations, Aerefore enabling a dose-reponse curve to be calculated, to provide 
Ae basis for future Aetary burden measurements. It was hoped Aat boA germ-fiee 
and conventional animals coAd again be used to monitor any dose-dependent 
responses to Ae test substance. Sadly, at this point Ae gnotobiotic rat colony at 
Surrey became contaminated — in essence partially conventionalised, so Ae germ-fiee 
element of Ae study was terminated.
The original rationale was to feed (-)-epigallocatechin gahate at a range of doses, to 
construct a dose-response curve linking input wiA (-)-epigallocatechin gallate-uiinary- 
metabolite output. This conpound was selected for this study because it is Ae major 
green tea flavanol and because Aere was already a substantial literature suggesting Ae 
conpound has healA promoting properties. There were, however, at that time no 
published metabolism stuAes for (-)-epigallocatechin gallate, hence it was feh that an 
ideal opportunity existed to study boA Ae metabolism and assess any dose réponse to 
it.
The success in production of gram quantities of (-)-pigallocatechin gallate by Ae 
meAods described in Chapter Two, Adlitated inplementation of Ae dose réponse 
feeding study. However, Ae prehminaiy feeding stuAes (Ae results of which are
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examined in Chapter Three) showed that very little change is observed in Ae 
conposition of urine from (-)-epigallocatechin gallate-fed rats, conpared wiA control 
rat urine. The lack of a novel and easily identifiable metabolite peak on Ae HPLC 
chromatogram of urine fiom (-)-epigallocatechin gallate fed rats, led to Ae decision to 
monitor dose réponse wiA (-)-picatechin instead — a conpound wiiich on feeding 
gives clearly identifiable metabolite peaks in Ae HPLC chromatograms of urine of (-)- 
picatechin-fed rats (Section 3.5.2.2). This revised programme is of interest in itsel( 
since very few feeding stuAes in animals, have been undertaken wiA (-)-picatechin, 
Ae cheaper pim er (+)-catechin being preferred as Ae test substance (see Appendix 
One).
4.3.1 Study Protocol
Accordingly, a third and final feeding study in rats, was conducted. Six male hooded 
rats were randomly divided into two groups. Group A consisted of four and group B, 
two animals. Each group A rat was fed four different concentrations of (-)-picatechin 
and each group B rat was fed, in turn, (—)-prcatechin, (+)-catechin, (—)- 
pigaHocatechin gallate and galHc add. Additionally, Ae group B animals were fed Ae 
green tea capsules in prparation for Ae human pilot study (Section 4.4).
The animals were individually housed in metabohc cages during test periods and for 
non-test periods of Ae eperiment (rest weeks), in more padous hanging cages 
(Section 3.2.2.1). From weaning to Ae age of nine weeks Ae rats were maintained on 
a Act of rat chow (GR3 Act). On entering Ac study, this was rplaccd wiA C 10 Act, 
and Aey were allowed a period of seven days to adjust before eperimental procedures 
began. During this period and all Ature ‘rest weeks’ in Ae study, Aeir drinking water 
— previously tap water, was rplaced wiA purified (R.O.) water, Table 4,1 outlines 
Ae feeding plan for this study.
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Week Group A Group B Urine collection 
A B
1 adjustment adjustment X X
2 control adjustment / X
3 rest control X /
4 (-)-Epicatechin 
[2-5 mg / ml]
rest / X
5 rest (+)-Catechin 
[1-5 mg/ml]
X /
6 (-)-Epicatechin 
[1*5 mg/ml]
rest y X
7 rest Gallic add 
[15 mg/ml]
X y
8 (-)-Epicatechin 
[1*0 mg/ml]
rest / X
9 rest (-)-Epicatechin 
[0 5 mg / ml]
X y
10 (-)-Epicatechin 
[0-25 mg / ml]
rest / X
11 rest (-)-Epigallocatechin 
gallate 
[2-0 mg / ml]
X y
12 Green tea capsules 
[01 / day]
--- / X
In any week, Ae feeding (test) period lasted for five days and Ae animais were allowed 
a rest period for Ae remaining two days (regarAess of WieAer Ae following week 
was a test or rest week). The animals were allowed fiee access to boA C 10 Aet and 
Ae test solutions (Wiich rplaced Aeir usual drinking water). Urine was collected 
(where inAcated) and food and drink refieAed at 24 hour intervals during all weeks. 
The urine was collected into an ice-cooled recptacle containing 1 ml hyAochloric add 
(1 M), to prevent bacterial degradation over Ae collection period. On Acsc occasions, 
urine and drink volumes were recorded, and Ae urine samples diluted to a total volume 
of 30 ml wiA R.O. water. Each sanple was filtered through Whatmann No, 1 paper to 
remove hair and debris and Ae pH was adjusted to pH 1 wiA hyAochloric add (4 M)).
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The treated urine was Aen divided between two plastic sterilin universal bottles and 
stored at -2 0  °C.
In Ae-previous stuAes, urine pH was not adjusted afier Ae original collection into a 
recptacle containing 1 ml hyAochloric add (1 M). However, wiA time (even Aough 
storage was at -2 0  °C), Ae thawing and re-freezing of Aese samples for rpeated 
analyses promoted Ae growA of a dark coloured substance (assumed to be moAd) in 
Ae urine samples. Due to Ae modification of Aese samples in this way, Ae pH of all 
fiuAer samples was decreased to pH 1 to preclude this problem.
4.3.2 Methods
4.3.2.1 Preparation Of Test Drinking Solutions
In previous stuAes, test substances were provided at a particular concentration in 
drinking water and Ae dose per gram body weight was not standardised. A  this study 
it was considered prudent to take account of Ae increasing body weight over Ae 12 
week period. Accordingly Ae concentration of Ae test substance was adjusted in line 
wiA body weight change. As in Study Two (Chapter Three), each drink solution was 
made up at Ae start of Ae correponding test period and divided into five daily 
batches. The first batch was given to Ae animals that Ay, Aen Ae remainder were 
stored at -2 0  °C for use over each of Ae following four Ays.
4.3.2 2 HPLC
A 25 cm column of internai diameter 4*6 mm, packed wiA Kromasü 100-5C18 was 
obtained fiom Hidirom AH samples were subjected to centrifugation at 13,000 rpm for 2 
minutes in a bm ditp  cmtrifiige to clear all suspended materials. Each cleared sample
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(50 pi) was injected onto Ae cohmm by a Spectra Physics AS3000 autosanpler, \^bich was 
connected to a Spectra Physics P4000 graAent punp.
Eluting peaks were detected by a Spectra Physics forward optical scanning detector 
between Ae wavelengAs 240 nm and 360 nm. An IBM PS/2 computer equpped wiA 
Spectra FOCUS software was used to collect and process Ae chromatogrphic data.
Mobile Phase; Solvent A: 
SolvŒt B;
0*5 % Amnc add in distilled water.
50 % acetonitrile, 0*5 % Armic add in distilled 
water.
(boA solvants pH 4, adjusted wiA eAanokmine)
GraAent; (i) urine;
(h) digest urine;
(iii) 6 eces extracts;
Isocratic ehition of solvait A (10 minutes), 
falling to 50 % solvent A at 60 minutes and to 0 % 
solvent A at 64 minutes (boA linear gradients). 
Isocratic ehition of solvent A (10 minutes), falling 
to 40 % solvŒt A at 70 minutes and to 0 % 
solvent A at 74 minutes (boA linear gradients). 
Isocratic elution of solvent A (10 minutes), falling 
to 50 % solvŒt A at 60 minutes, to 0 % solvent A 
at 80 minutes (boA linear gradients), Aen isocratic 
ehition of solvait B (5 minutes).
Flow Rate; 1 ml/minute.
4.3.2 3 Enzymatic Deconjugation Of Urinary Metabolites
Major urinary metabolites are likely to be ghicuromde or suÿhate conjugates. 
Digestion wiA commercial P-ghicuromdase (\Aich possesses boA glucuromdase 
activity and su^hatase activity) wiA and wiAout Ae addition of 1,4-
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saccharonolactone (a siiÿhatase inhibitor), allows Ae systematic identification of 
metabolites ofboA types.
i) Preparation of buffer solution: Optimum activity of Ae P-glucuronidase enzyme 
used for deconjugation of urine conjugates, is dependent on pH, hence Ae reaction 
was carried out in sodium acetate buffer (0*25 M), pH 5.
ii) P-ghrcuronidase: A final concentration of 10 pl/ml (of Ae commercial preparation 
detailed in Section 4.2) was required for Agestion.
m) Preparation of 1,4-saccharonolactone solution: a stock solution (50 mM) was 
made up wiA sodium acetate buffer (i),
Urine (2 ml), was adjusted to pH 5 (wiA 5 % ethanolamine), Aen depending on Ae 
Agestion required, eiAer sodium acetate buffer (i) (2 ml) or sodium acetate buffer + 
suÿhatase irAibitor (m) (2 ml) were added. P-glucuromdase (50 pi) was added (if 
required) prior to incubation at 37 °C for 24 hours. Concentrated H2SO4 (25 pi) was 
added to Ae reaction mixture to lower Ae pH sufhdently to arrest Agestion.
4.3.2 4 Collection And Treatment Of Faecal Samples
Study Three also included Ae collection of faecal sanq>les fiom Ae animals. The 
faecal pellets were collected daily, Aen stored at -20  °C as one conqrosite sanqrle 
representing a whole test week. The sanqrles were fieeze dried and ground to a fine 
powder wiA a pestle and mortar. A representative 2 g of each sanqile was subjected 
to Soxhlet extraction wiA 70 % methanol The faecal powder was loaded mto a 
Soxhlet thimble, covered wiA a small amount of paper tissue, (to prevent entrainment 
of Ae sample during Ae boiling procedure) and subjected to four boiling and four 
rinsing cycles, each lasting for 30 minutes. The resulting methanohc solutions fiom Ae 
four extractions were pooled to give approximately 120 ml of faecal extract, which 
was subsequently analysed by HPLC as described in Section 4.3.2.2. It AoAd be 
noted, Aat unlike Ae urine sanqiles, centrifugation was not sufficient to clear 
suspended fines in Ae meAanohc samples. Centrifugation yielded a solution which
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remained clear for several hours, but this was not adequate for samples \Aich were 
injected near Ae end (sometimes ten hours after centriftigation) of Ae autosampler 
queue. It was found that filtration of Aese samples (Whatmann paper No. 1) provided 
solutions \\Aich remained of good clarity.
4.3.3 Discussion Of Resuits
The results for feeding of Ae test substances to Ae rats will be displayed as in Chapter 
Three — Le. a peak on Ae chromatogram of a urine sample is denoted; 1 (27*2), 
where Ae underlined number denotes Ae metabolite number (correponding to 
annotation on Figures 4.1—4.4) for a particular urine and Ae bracketed number denotes 
Ae retention time. However, interpretation of urine chromatograms in this study was 
facilitated by consideration of two extra criteria:
(i) Data collection was made at increments of 5 nm over Ae range of wavelengths; 
220-365 nm For such data, Ae Spectra Physics software allows a pectrum of UV 
absoAance to be taken at any time slice on such a chromatogram Therefore, for all 
chromatograms analysed, for each peak, Ae pectrum over Aese wavelengAs was 
obtained and fiom this, Ae absoption maxima recorded. These values are included in 
Table 4.2 (e.g. (220/268) for a peak wiA absoption maxima at 220 nm and 268 nm) 
and provide an extra tool in peak comparison.
Information provided by pectra analysis, however, requires careful intepretation; 
pectra for partially fused peaks often provide poor information about Ae absoption 
maxima of Ae individual component peaks, vAaïst for structurally similar compounds, 
pectra for each often have common maxima. Additionally, small peaks give rise to 
pectra wiA less prominent (smooAer) maxima than larger peaks, hence Ae numerical 
value of may be slightly different for pectra of smal^peaks of Ae same compound 
on different chromatograms. These difficulties explain \Ay pectral data might appear 
to be in conflict, if two peaks have been matched by oAer means.
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(ii) To compare two different urine samples by HPLC, three injections are made; a 100 
pi injection of each sample, diluted 1:1 with water and a 100 pi injection of a 1:1 
mixture of Ae undiluted samples. The three chromatograms are compared. Any 
compound common to boA samples will give a larger peak.on Ae diromatogram oT 
Ae mixed urine, compared wiA Ae correponding peak on Ae oAer chromatograms. 
Any compound found only in one of Ae original urine sanples will give peaks of equal 
size on boA Ae mixed urine chromatogram and Ae chromatogram of Ae particular 
diluted urine. This type of analysis is epedally he%)ful for discriminating between 
peaks of very similar retention time and pectral properties (particularly under 
conditions )Aere Ae retention time(s) is subject to Aictuation), >Aere visual 
exammatiou of individual chromatograms, is inconclusive.
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Table 4.2 shows the probable relationshÿ of peaks on urine chromatograms which 
represent the metabolites of the four confounds fed in Study Three. The data for (-)- 
epicatechin are from week 4, where group A rats were supphed a 2*5 mg/ml solution 
_of this compound,_whereas the.other^data. are.from chromatograms, of-urine-from, 
group B rats, coUected during weeks 7, 9 and 11.
Peak Number
(->EC (+)-c (-)-EGCG Gallic Add
1(7-7)
(220/268)
1(7-8)
(220/268)
1(9-2)
(221/334)
1 (7 1 )
(220/267)
2 (16-2) 
(220/231)
2 (14-8)
(220/267)
3(23-5)
(220)
2(27-2)
(220/288)
2(27-3)
(220/288)
3(27-9)
(220/278/329)
3(27-6)
(222/278/329)
4(30-6)
(225/279)
4(30-6)
(220/255)
4(31-6)
(220/275)
5(31-8)
(222)
5(32-0)
(226/278)
6(32-0)
(226)
6(34-7)
(223/278)
7(34-7)
(220/270/329)
8 (37-6) 
(226/278)
7(38-0)
(224/276/331)
8(38-4)
(225/278)
9(38-8)
(222/278/330)
9(41-5)
(223/277/329)
10(42-4)
(221/274)
10(42-1)
(220/274)
Table continued on next page
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Continued
(->EC (+yc (-)-EGCG Galhc Add
11 (450) 
(222)
11(45-1)
(222)
.^.. ■. ....-.............. 5(44-7)
,(?22)
12(45 4)
-(223/275/330)-
12(45-2)
------  {223) -
3 (46-9) 
(224) " ■  xx%x
13(47-3)
(223/276/333)
14 (48-3) 
(223)
!.................................
15(50-8)
(223/274/333)
13 (50-8) 
(223)
16(51-6)
(223)
17(53-6)
(224/278)
14(53-7)
(223)
18(53-7)
(223)
15(53-8)
(222)
. ..... ......... .... ..... .V'.... .................. .kxxxxix:
.^............... .
i) As in Study Two (Chapter Three), there are many peaks common to chromatograms 
of urine from (-)-epicatechin- and (+)-catechin-fed rats. AH peaks are fiiirly minor 
except for (+)-catechin metabolites 4 (30 6), 8 (37 6) and 10 (42*1) and (-)-epicatechin| 
metabolites 5 (32 0), 8 (38 4) and 10 (42 4).
As e?q)lained previously, the presence of peaks common to both chromatograms, 
inphes that metabolites giving rise to these peaks do not retain the stereochemistry of 
the central C-ring. It may, therefore, be postulated that the original stereochemistry at 
C3 has been destroyed in the metabolite of at least one of the parent flavanols, or that 
C3 (and probably other carbon atoms) have been removed to yield fission products.
ii) Of the twelve peaks discussed in part (i), only one is also common to 
chromatograms of urine from (-)-epigallocatechin gallate-fed rats. This peak, 
however, is also common to chromatograms of urine from galhc add-fed rats, hence 
involvem^t of the intact Cg—Cg—C3 flavonoid unit is precluded and the assignment 
of this peak as a metabolite queried.
A previous study has shown that (-)-epigallocatechin gallate is absorbed by rats — 
maximum plasma levels were reached 1 hour afier oral administration (50 mg) (Unno
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and Takeo, 1995). If absorption occurs, either this current method is not sensitive 
enough to detect metabolites from (-)-epigaliocatechhi gahate, to the same degree as 
(+)-catechin and (-)-epicatechin metabolites, or (-)-epigahocatechin does not undergo 
ring fission to the same extent (it at ah).
A different feeding study — this time with green tea to human volunteers, reports the 
detection of (-)-epigaUocatechin gallate in urine and plasma which has been treated 
with commercial (3-glucuronidase (similar to the experiments described in Section 
4.3.2.3) (Lee et al, 1995). This resuh demonstrates an inportant difference to the 
metabolism of (+)-catechin; the major metabolites of (+)-catechin in man, are the 
gtucuronide conjugates of 3'-0-methyl-(+)-catechin and the parent conpound and 
sulphate conjugate of the former (Hackett et al, 1983), but no methydated metabolites 
are detected from metabolism (-)-epigahocatechin gallate. At present, no feeding 
studies of (-)-epigaUocatechin gallate only (Le. not as a constituent of green tea) to 
human volunteers have been reported, therefore no ring-fission products can be 
attributed specifically to (-)-epigahocatechin gallate.
iii) There is one other peak common to gallic acid, (+)-catechin and (-)-epicatechln 
which as explained in point (ii), would either indicate a product of fiavanol ring fission 
or a peak mis-assignment. The peak common to chromatograms of urine from galhc 
add-fed and (-)-epigallocatechin gallate-fed rats, though not shared by (+)-catechin 
and (-)-epicatechin urine chromatograms, suggests hydrolysis of the gallate moiety at 
the 3-position, yielding galhc add.
4.3.3.1 Characterisation Of Metaboiites
up to this point, metabohtes have been referred to by their assigned peak number on 
the chromatogram at 280 nm of each particular urine sanple. The lack of chemical 
identification for a metabolite, does not inpede its use as a biomarker of con sumption 
of the parent conpound. However, knowledge of the identity of a metabohte is 
preferable because that ahows a distinction to be made between true metabohtes of the
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test substance (e.g. (+)-catechin and 3'-0-methyl-(+)-catechin (Shaw et al, 1982) and 
substances appearing as a resuh of ahered physiological condition (or even 
pathological effects).
Appendix One clearly shows the extensive resuhs that have been achieved in the field 
of flavonoid metabohte identification. This present research can benefit fi:om this 
hterature, in that spiking experiments can be undertaken (of the test urines with 
commercially available standard conpounds). Also, metabohtes which are conjugates 
of glucuronic or su%)huric add can be identified by HPLC, after enzymatic digestion of 
the urine with commercial P-glucuronidase, with and without selective inhibition of the 
suÿhatase corrponent. Table 4.3 shows the resuhs of spiking urines with available 
standard conpounds. The limhed success in metabohte identification by this method, 
was not unexpected, due to the hkelihood that many of the metabohtes would be 
conjugated.
Table 4.3 Metabohtes identified by spiking experiments»
Parent Conpound Fed Peak Number Metabohte Identity
(-)-epicatechin 15 3-hydrox(yphenylpropionic add
(+)-catechin 13 3-hydroxcypheny^ropionic add
(-)-epigahocatechin 2 gahic add
gallate 3 (-)-epigahocatechin gallate (unchanged)
galhc add 2 galhc add (unchanged)
3 4-0-methyl galhc add
These resuhs indicated that unchanged (-)-epicatechin and (+)-catechin were not 
detected in test urine, whilst unchanged (-)-epigaUocatechin gallate and gahic add 
were clearly present. It should however be noted, that although the latter appear 
unchanged in urine, they are also transformed to metabohtes. As previously reported 
in hterature (Appendix One), the major metabohte of galhc add in rats is formed by 4- 
0-methylation, yielding 4-0-methyl galhc acid. The presence of galhc add in urine 
from rats fed (-)-epigahocatechin gallate, suggests hydrolysis at the 3-position, though 
no evidence of the galhc add metabohte, 4-0-methyl galhc add, was found.
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3-Hydroxypheny^ropionic acid is commonly detected as a metabolite of (+)-catechin 
in feeding studies (^pendix One), but this study suggests that it is also a metabolite of 
(-)-epicatechin. Since this peak was not detected on chromatograms of urine from (-)- 
epigallocatechin gallate-fed rats, the addition of a 5 -OH and/or a gallate moiety at the 
3-poshion apparently precludes metabolism to this ring-fission product (3- 
hydroxyphenyÿropionic add). Indeed, it has previously been shown that if the 3- 
hydroxyl group is blocked with palmitoyl, ring-fission is prevented (Hackett and 
GrifiOths, 1982), hence the presence of a gallate group rather than a hydroxyl group at 
this position, may induce a similar effect.
4.S.3.2 Identification Of Conjugated Metaboiites
AH post-digest solutions were analysed by HPLC as described in Section 4.3.2.3. (the 
run-time was extended shghtly, conpared with the previously used method, to allow 
de-conjugated metabolites (less polar than conjugates) to separate suffidently). For 
each urine sanple, digestion was carried out with no enzyme activity (controls — ‘C’), 
full enzyme activity (glucuronidase and su^hatase — '.&?), and partial activity 
(su^hatase inhibited — ^ET). Conparison of the set of three chromatograms for each 
sanple allowed conclusions to be drawn as to the conjugated nature (if any) of each 
metabolite.
Previous studies with (+)-catechin have found the major urinary metabolites in rats to 
be 3‘-D-methyl-(+)-catechin su%)hate, 3‘-c7-methyl-(+)-catechin gtucuronide and (+)- 
catechin ghicuronide (whilst 3'-0-methyl-(+)-catechin gtucuronide su^hate, 3-0- 
methyl-(+)-catechin, ring-fission products and their conjugates and unchanged (+)- 
catechin constitute the remaining metabohtes) (IShaw et al, 1982). In terms of 
hypothetical peaks on chromatograms, the conplete (glucuronidase and su^hatase) 
and partially inhibited (^curonidase only) enzyme reactions would give rise to the 
following relationshps, for a given metabolite, M;
Chapter Four — Calculation Of Dietary Burden By HPLC Analysis____________
c E E l
M (peak 1) M (peak 1) M (peak 1)
M—G (peak 2) M (peak 1) M (peak 1)
M—S (peak 3) M (peak 1) M—S (peak 3)
G—M—S (peak 4) M (peak 1) M—S (peak 3)
(—G : glucuronide, —S : sulphate)
It is easily seeu firom Table 4.4, that depending on the occurrence of conjugated and 
non-conjugated metabolites in the original urine sanq>le, the size of certain peaks on 
the jE and E l chromatograms could change relative to the control situation;
1) If a peak represents a non-conjugate, then it will be of similar sizes on the three 
chromatograms (C, £, El).
2) If a peak represents ghicuronide conjugate, it will be absent from E  and E l 
chromatograms, giving rise to a new peak (or increasing the size of an existing 
peak, should it correspond to the non-conjugated form of the metabolite).
3) If  a peak rcpresmts a su^hate conjugate, it \^ dll be absmt from E  chromatograms, 
giving rise to a new peak (or increasing the size of an existing peak, should it 
correspond to the non-conjugated form of the metabolite), but present at original 
levels on E l chromatograms.
4) If a peak represents a mixed conjugate, it will be absent from E  chromatograms, 
giving rise to a new peak (or increasing the size of an existing peak, should it 
correspond to the non-conjugated form of the metabolite). On E l chromatograms, 
only hydrolysis of the ghicuronide ether bond should occur, hence any new or 
increased peaks will correspond to a sulphate conjugate.
After digestion, good clarity of sample was once more obtained by centrifugation. 
However, the chromatograms were not of such good quality as previous exanq)les, 
hence the more minor metabolites tended to form fiised peaks which precluded good 
analysis. Nevertheless, the majority of metabolites were detected, and their presence 
at each stage of digestion is noted in Table 4.5.
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Table 4.5 Fate of urinary metabolite peaks on digestion with commercial P-
Test Substance
(-VEC (+yc (-)-EGCG Gallic Add
1 1 1 1 I'l 1 1 1 11 > 1 1 1 1 t 1 > 1 t 1 I t ! ! I t 1 1 > I 1 I I ! I I I ! I I ! I I ! ! I ! ! ! ! I 
....... fiViVfrfihVf.'.V.S . . . . . . . . . . . . . 4 (30-6)
E - unchanged 
EH - unchanged
4(31-6) 
E - absent 
E l - absent
5(31-8) 
(fused to Q
5(32-0)
E - reduced 
EH - increased
6(32-0) 
(fused to 5)
8(37-6)
E  - absent 
EH - increased
7(38-0)
E  - absent 
E l  - unchanged
8(38-4)
E  - absent 
EH -  increased
10(42-4) 
E  - absent 
EH - absent
10(42-1) 
E  -  absent 
EH - absent
11(45 0)
E  - increased 
EH -  increased
11(45 1)
E  - increased 
 ^ EH - increased
5(44 7)
E - increased 
EH - increased
12(45-4)
E  -  unchanged 
EH - unchanged
12(45-2)
E - unchanged 
E l - unchanged
3(46-9)
E - unchanged 
EH - unchanged
13(47-3)
E  - absent 
EH - unchanged
15(50-8)
E  -  increased 
EH -  increased
13(50-8)
E - increased 
E l - increased
17(53-6)
E - increased 
E l - increased
14(53-7)
E - increased 
EH - increased
(NB to avoid confusion, the retention times given in this table, are those from Table 
4.2 and not those of the C, E  and E l chromatograms).
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These new data are very informative, since it would appear that as peaks 
correq)onding to conjugates disappear (due to digestion by commercial P- 
ghicuronidase), new peaks in general, are not formed — rather, existing peaks increase 
in Ihis naeans, that many of the large, early-eluting peaks (which reduce on 
digestion), are conjugates of the smaller later eluting peaks.
Also, there was no noticeable increase in the size of peaks eluting at the approximate 
retention time of (+)-catechin in the urine from (+)-catechin-fed rats. This finding is in 
agreement with previous feeding studies with (+)-catechin (Shaw et al, 1982), where it 
has been found that conjugates of 3'-0-methyl-(+)-catechin predominate in the urine. 
A similar conclusion, can be drawn from anafysis of the digest chromatograms of urine 
from (-)-epicatechin-fed rats. It was not possible to detect a new peak corresponding 
to (-)-epicatechin, suggesting méthylation at the 3'-position might be occurring as has 
been previously found with (+)-catechin.
If these inferences are correct, then deconjugation should produce new (or significantly 
enlarged) peaks corresponding to 3'-Omethyl-(+)-catechin and 3'-0-methyl-(-)- 
epicatechin in the urines from (+)-cateohin- and ( )-epicatGohin-fcd rats respectively. 
If present, it might be e?q)ected that the methylated derivatives would ehite later than 
the original fiavanols and that percentage increases in retention time might be similar in 
both cases.
(i) Such a peak appears on the E  chromatogram of (+)-catechin-fed rat urine at 46*3 
minutes (223/278/323), but does not appear on the E l  chromatogram of the same 
urine (nor on of the digest chromatograms {E and EH) of urine from (-)- 
epicatechin-fed rats). These data are consistent with this new peak being 3-0- 
methyl-(+)-catechin derived from the corresponding su^hate.
(h) Similarly, a new peak appears on the E  chromatogram of (-)-epicatechin-fed rat 
urine at 49*6 minutes (224/279/325) and at a reduced size on the EH 
chromatogram of the same urine at 49-5 minutes (225/279/325). By analogy with 
the preceding argument, it would appear that this peak might be 3'-0-methyl-
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(-)-epicatechin. However, there is a peak with a similar retention time on the 
corresponding E  chromatogram of urine from (+)-catechin-fed rats. One would 
not e?q)ect 3'-0-methyl-(-)-epicatechin to arise also from the metabolism of (+)- 
catechin. However, this peak on the chromatogram of urine from the (+)- 
catechin-fed rats is insensitive to digestion by the commercial P-ghicuronidase, 
when the sulphatase element is inhibited, whereas the peak in question (that on the 
E  chromatogram of (-)-epicatechin-fed rat urine at 49-6 minutes (224/279/325)) 
is sensitive to this digestion. It therefore follows, that the two peaks which ehite 
in the same region, are different and that the peak at 49*6 minutes on the E  
chromatogram of (-)-epicatechin-fed rat urine might indeed be 3'-0-methyl-(-)- 
q)icatechin.
(iii) With regard to percentage increases in retention time for the postulated 3-0- 
' methylated metabolites of (-)-epicatechin and (+)-catechin conq)ared with the 
parent conq>ounds; (-)-epicatechin -> 3'-0-methyl-(-)-epicatechin: 9*5 %, (+)- 
catechin -> 3'-0-methyl-(+)-catechin: 15 %.
Metabolite 15 on the chromatogram of urine from (-)-epicatechlii-fed rats and
metabolite 13 on the chromatogram of urine from (+)-catechin-fed rats, were
i
previously identified (by spiking) as 3-hydroxypheny^ropionic add. Being a product 
of ling-fission, the original difference in stereochemistry at the 3-position is lost and it 
is not surprising that this metabolite is common to both substances. Of all the peaks 
studied, that identified as 3-hydroxypheny^ropionic add, showed the greatest increase 
in size as a resuh of deconjugation (by both methods {E and EJ)) of urines from both 
(-)-epicatechin-fed and (+)-catechin-fed rats. It follows that the associated 
conjugate(s) must account for a significant area(s) of the chromatograms of untreated 
(C) urines from rats fed both flavanol epimers and be common to both. Examination 
of the chromatograms leads one to a large peak, metabolite 10 (42*1-42*4 minutes) 
and it is therefore inferred that this peak is 3-hydroxyphenyÿropionic add ghicuronide. 
A final observation, concerns peaks which are absent from (or considerably reduced 
on) E  chromatograms but increased on E l chromatograms (e.g. metabolites 5 and 8 in 
urine from (-)-epicatechin-fed rats and metabolite 8 in urine from (+)-catechin-fed
'f- 3(3-hydroxyphehyi)propionic add'
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rats). Such peaks are probably su^hates — digested in the absence of the suÿhatase 
inhibitor, but left unhydrolysed in its presence. The greater amount afierM treatment 
conq)ared with E. treatment can be e?q)lained by the deconjugation of mixed 
(^curonide and su^hate) conjugates resulting in th e ^ ^ a tio n  of additional amounts 
of the smq)le suÿhates.
4.3 3.3 Selection Of Urinary Biomarkers Of (-)-Epicatechin 
Consumption By Hooded Rats
As in Chapter Three, the definition of a peak on a test urine chromatogram as a test 
substance metabolite, is its absence from control urine chromatograms and its presence 
on test urine chromatograms. Eighteen new peaks appear on chromatograms of urine 
firom rats fed (-)-epicatechin at a concentration of 2*5 mg/ml, when conq>ared with 
chromatograms of control rat urine. However, not all of these metabolite peaks are 
present on chromatograms of urine firom rats fed the lower doses of (-)-epicatechin. 
To establish a relationship between input of (-)-epicatechin, and output of a 
metabolite, requires ideally that the metabolite peak is present on chromatograms of 
urine from rats consuming all four concentratioh|^of (-)-epicatechin.
Table 4.6 shows the presence of the eighteen metabolite peaks on chromatograms of 
urine from the four rats, for the four days of urine collection, at each of the four 
concentrations of (-)-epicatechin. The dark-shaded rectangles indicate that a particular 
metabolite peak was detected on the chromatogram of a particular urine saicple. The 
hght-shaded rectangles represent gaps in the data because of conputer disk corruption, 
and for the lack of resolution of metabolite peak 9 on the chromatograms of urine 
produced by the animals in test week 8. In summary;
Metabolite peak detected on chromatogram 
Metabolite peak not detected on chromatogram 
Data inconplete
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Table 4.6 Incidence of (-)-epicatechin metabolite peaks on mine chromatograms.
11 12 13 14 15 16 17 18
W4 DAY1 RAT 1 
W4DAY1 RAT 2
W4DAY1 RAT 3
W4DAY1 RAT 4
W4DAY2RAT-1
W4DAY2RAT2
W4DAY2RAT3
W4 DAY2 RAT 4
W4DAY3RAT1
W4DAY3RAT2
i'SSS'S'S l-X-X-X-X XX'IvX'I+WX'SXÏW4DAY3RAT3 w.v.w.y fW4 DAY3 RAT 4 ^  # 0 xîxîitxîxffiïïîxffixîïxiîw^
W4DAY4RAT1
W4 DAY4 RAT 2
W4DAY4RAT3
W4 DAY4 RAT 4
we DAY1 RAT 1
W6DAY1 RAT 2
we DAY1 RAT 3
we DAY1 RAT 4
we DAY2 RAT 1
we DAY2 RAT 2
we DAY2 RAT 3
we DAY2 RAT 4
we DAY3 RAT 1
we DAY3 RAT 2
we DAY3 RAT 3
we DAY3 RAT 4
we DAY4 RAT 1
we DAY4 RAT 2
we DAY4 RAT 3
we DAY4 RAT 4
we DAY1 RAT 1
we DAY1 RAT 2
W6DAY1 RAT 3
we DAY1 RAT 4
we DAY2 RAT 1
we DAY2 RAT 2
we DAY2 RAT 3
we DAY2 RAT 4
we DAY3 RAT 1 BW#: ÎSSSSï BSwS
we DAY3 RAT 2
we DAY3 RAT 3 BBB%a@mB
we DAY3 RAT 4
we DAY4 RAT 1
we DAY4 RAT 2
we DAY4 RAT 3
we DAY4
W10DAY1 RAT1
W10DAY1 RAT 2
W10DAY1 RAT 3
W10DAY1 RAT 4
W10DAY2RAT1
W10DAY2RAT2
W10DAY2RAT3
W10DAY2RAT4
W10DAY3RAT1
W10DAY3RAT2
W10DAY3RAT3
W10DAY3RAT4
W 1 0 D A Y 4 R A T 1
W10DAY4RAT2
W10DAY4RAT3
WIG DAY4RAT4
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From Table 4.6, it is clear that some metabolites present in urine from rats suppHed a 
2*5 mg/ml (-)-epicatechin drinking solution, are not detected in urine from rats 
drinking more dilute (-)-epicatechin solutions. The metabolites that are present at all 
tesLponc®rations arei l  (7*7) (220/268), 5 (32*0) (226/27H), 6 (37*4) (223/278), 8 
(38*4) (225/278), 10 (42*4) (221/274), 11 (45*0) (222) and 12 (42*4) (223/275/330) 
— 11 and 12 are ostensibly absent from week 6 urine, but there were considerable 
problems in the interpretation of the chromatograms of these urine sanples (due to 
une^ectedly poor resolution) and so very probably they were present. Of the 
metabolites mentioned, only metabolite 8 is not common to any of the other 
conpounds fed to the animals, hence might be the most pedfic biomarker of (-)-, 
epicatechin consunption in rats. However, it would be assumed that the relative levels 
of the remaining six metabolites are indicative of (-)-epicatechin consunption 
(modification of these (relative) levels perhaps illustrating simultaneous (+)-catechin 
consunption). Therefore, rather than estimation of (-)-epicatechin consunption by 
quantification of metabolite 8 only, accuracy might be inproved by the additional 
measurement of levels of metabolites 1, ^  ^  10,11 and 12, depite being non-pedfrc 
biomarkers of (—)-picatechin consunption.
Feeding (-)-epicatechin at this range of concentrations, provides some insight into the 
interrelationshps between the pathways of metabolism that give rise to the various 
metabolites seen on the urine chromatograms. There are seven metabolite peaks (1, ^  
É, 8, 10, H  and 12) consistently present on urine chromatograms from rats fed (-)- 
picatechin in the range 0*25—2*5 mg/mL These are the only metabolites at the lowest 
feeding concentration (0*25 mg/ml), P e reas  at the next level of feeding (1*0 mg/ml), 
additional metabolites appear. Such an increase in the number of metabolites is seen 
again as the drinking solution increases to a concentration of 1*5 mg/ml and again as 
the highest concentration of (-)-picatechin is supphed, Some of these additional 
peaks are the unconjugated metabolites referred to earher (Section 4.3.3.2), suggesting 
that conjugation pathways, (in this case, mediated by suÿhotransferase and UDP- 
ghicuronosyl transferase) might become saturated at higher levels of consunption. 
(Ahematively, at higher doses, the P-ghicuronidase activity of the gut flora might be 
more prevalent — the activity may be induced, as with endogenous enzymes). For a
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given metabolite, there is most likely a pecific dose of (-)-picatechin, below which, 
the metabolite will not be present in the urine. As input of (-)-picatechin increases, 
this point is reached for each of the metabolites and they appear in the urine.
In summary, there are seven urinary metabolites of (-)-picatechin, which appear to be 
definite markers for (-)-picatechin consunption and it would be epected that the 
quantification of these metabolites in a urine sanple from a rat consuming an unknown 
quantity of (-)-picatechin would provide a good estimate of this input quantity. Of 
these seven metabolites, the peaks correponding to metabolites 11 and 12 ehite at 
very similar retention times and often fiise. Sparate quantification of these peaks is 
iherefore difUcult, hence these two metabolites will be excluded from the following 
calculations (Section 4.3.3.4).
4.3 3.4 Formulation Of Dose-Response Curves For The 
Chosen Biomarkers Of (-)-Epicatechin Consumption in 
Hooded Rats
The metabolites of a dose of the test substance consumed on any particular day may 
continue to be eliminated over a period of several days. Indeed, during development 
of the protocol for Study One (Chapter Three), the clearance time of (+)-catechin was 
assessed. With the planned sequential feeding programme, it was inportant that 
metabolite peaks on urine chromatograms of the (+)-catechin-fed rats fell below 
detectable levels (after feeding had ceased) before the next period of (+)-catechin 
feeding began. Clearance took approximately three days, hence with continual ad 
libitum eposure, metabolites eliminated on, e.g. day three, might reflect test substance 
consumed on days one, two and perhaps three. Nevertheless, in attenpting to 
establish the dose-metabolite relationship, continuous eposure to a test conpbund, 
should rapidly produce steady state elimination and so intake and output have been 
averaged over four days.
Urines were collected for each rat on each day following consunption of the test 
substance. Urine volume (representing a single 24 hour period) was noted and each
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peak area of interest was normalised to a standard (arbitrary) volume (10 ml). For 
each rat, the normalised data were, for a given peak, averaged over the four day test 
period. The four values so obtained were then converted to a mean (± S.E. mean) 
representing the behaviour of the four rats.
The burden of test substance was calculated in a similar manner, with volume (and 
hence mass of test substance) consumed, averaged first over the four days and then 
over the four rats. Any variation in bodyweight had aheady been accounted for prior to 
feeding, by adjusting the concentration of test substances in the drinking solution. It 
was anticpated that (urinary) metabolite concentration would increase with dose (once 
steady state conditions had been achieved), possibly levelling ofi^  should a pathway 
saturate at higher doses. Accordingly, mean daily output was plotted against mean 
daily intake to produce dose-reponse curves for the (-)-epicatechin metabolites 1, 5, 
£  8 and 10 (Figures 4.5-4.9).
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Figure 4.5 (-)-£picatecfam dose-response curve: metabolite 1.
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The dose-reponse relationshp for metabolite 1 (Figure 4.5) at low doses was the 
inverse of that epected. At present, the only eplanation that can be offered for this 
unepected resuh, is that this metabolite was present in urine when all test substances 
were-fed, hence assignment of this peak as a metabolite is questioned. The shape of the 
dose-reponse curve is consistent with that which might be epected fiom a product of 
metabolism unconnected with (-)-epicatechin consunption. Whatever the eplanation, 
it is clear that the concentration in urine of this metabolite cannot be a good predictor 
of dose.
The dose-reponse relationshp for metabolite 6 (Figure 4.6), is again similar for the 
four rats. Inter-animal variation for levels of this metabolite is low up to the 1-5 mg/ml 
dose but increases slightly at higher doses. However, the U' shape of the curve at the 
lower concentrations means that a given peak area could correpond to two different 
concentrations of (-)-epicatechin on the x-axis (one for each arm of the ‘U’). This 
feature makes the curve for metabolite ^  inprecise for small peak areas.
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Figure 4.6 (-)-£picatecfain dose-response curve: metabolite 6.
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The dose-response relationship for metabolites ^  8 and 1^  are demonstrated by the
hyperbohc curves shown in Figures 4.7, 4.8 and 4.9. From Sections 4.3.3.1 and
4.3.3.2, these peaks were partially identified;
5; a single (Le. not a mixed) suphate conjugate, potentially a ring fission product, 
due to its presence in urine fiom (+)-catechin-fed rats also.
8: a sinq)le (Le. not a mixed) suphate conjugate of (-)-epicatechin (or its methydated 
derivative), such as 3'-Omethyl-(-)-epicatechin suphate, because of its absence 
fiom urine produced by rats consuming the other test substances.
10: most probably a ghicuronide conjugate of 3-hydroxyphenypropionic add.
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Figure 4.7 (-)-£picatechm dose-response curve: metabolite 5.
Chapter Four — Calculation Of Dietary Burden By HPLC Analysis_______  ^
4.0 - I
3.5
3.0a
2.5 -I
2.0  -
1.5 -sM
I
I
1.0 -
A 0.5 :
0.0
10 15 20 25 30 3550
(-)-Eplcateclilii In take (mg/day)
Figure 4.8 (-)-Ep:catechm dose-response curve: metabolite 8.
4.0 1
I 3» i
I
«S
2.0 -
2
I :
I
0.0
15 20 25 30 355 100
( )-Eplcatechln In take (mg/day)
Figure 4.9 (-)-£picatechm dose-response curve: metabolite 10.
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The curves for metabolites 5, 8 and 10 demonstrate a more characteristic dose- 
response relationshÿ. All, however, show a reduced response at the highest level of 
intake (mean intake 314 mg/day) conq)ared with the next lowest level of intake (18 9 
mg/day), although this is pronounced in the curve for metabolite 10. It is conceivable, 
that the curves for metabolites ^  8 and 10 plateau, because they are products of 
saturable pathways. During the linear portion of the curves (at low concentrations of 
(-)-epicatechin drinking solution), it is likely that the pathways producing the 
metabolites are not saturated. As the gradient of the curves begins to decrease, it 
implies that these pathways become saturated and test substance is excreted unchanged 
or alternative pathways are exploited producing additional peaks on the 
chromatograms (Section 4.3.3.2).
However, the curve for metabolite 10 shows a response \\4iich suggests the 
involvement of an additional process. Due to the adjustments made to the 
concentration of the drinking solutions to account for bodyweight, it was necessary to 
feed the h ipest dose to the rats as early in the study as possible (the maximum 
solubility of (-)-epicatechin was found to be approximately 2-5—3-0 mg/ml — Le. too 
low for the highest dose to be fed to rats with bodyweight much beyond 250 g). 
Should the metabolic pathways \ ^ c h  produce metabolite 10 be mediated by inducible 
enzymes (Section 3.7.1), then the initial e?q>osure to (-)-epicatechin might cause 
induction \^hich would promote metabolism of this compound from any subsequent 
exposure. The apparently higher output of metabolite 10 from the second (lower) 
dose might be explained by this phenomenon. With hindsight, a consideration for 
hiture feeding studies of this type would be to feed the hipest dose twice — on the 
first occasion to achieve induction of involved cytochrome P450 isoenzymes and on 
the second, to collect output data.
To vahdate the three metabolite dose-response curves for metabolites 5, 8 and 10 
(-)-epicatechin was also fed to the two rats in group B at a concentration of 0*5 mg/ml 
(wfrich would place the dose on the linear portion of the curve). The peak areas for 
these metabolites in the urine for the four collection days were found for both rats. 
After the suitable corrections had been apphed to these values, the dose-response
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curves for each metabolite were used to obtain estimates for mean daily intake of (-)- 
epicatechin for each rat — Figures 4.10-4.12.
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Figure 4.10 Estimation of mean (-)-epicatechin intake — metabolite 5.
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Figure 4.11 Estimation of mean (-)-epicatecbin intake — metabolite 8.
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Metabolite Rat 1 Rat 2 Average (2 rats)
5 5*95 5*39 5*67
8 5*85 4*55 5*20
10 3*87 4*35 4*11
Average estimated intake 5*22 4*76 4*99
The actual mean daily intake of (-)-epicatechin for rat 1 was 4 75 mg/day and for rat 2, 
5*00 mg/day. The values obtained from the dose-reponse curves are in very good 
agreement with the actual values, illustrating that dietary burden of (-)-epicatechin in 
rats may be quantified from output data, with a high degree of accuracy. Obviously 
accuracy over the whole range of the curve should be examined before this method is 
declared reliable, but for this present study, the results achieved with the small groups 
of rats are promising.
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4.3.3 5 Analysis Of Faecal Extracts
The Aecal extracts produced by Soxhlet extraction of the lyophilised ground pellets, 
proved difficult to analyse due to the formation of a precpitate over a number of 
hours. Chromatograms were eventually obtained, but the extracts contained very little 
280 nm-absorbing substances. It was assumed that any of the test substances which 
remained unabsorbed would appear in the freces, together with metabolites excreted in 
bile and not reabsorbed. By conparison of retention time and pectral data, small 
amounts of the repective parent conpounds were detected in extracts from (+)- 
catechin-fed and galHc acid-fed rats, though this was not repeated in rats fed (-)- 
picatechin or (-)-pigallocatechin gallate. Additionally, a new peak was observed in 
the extracts from galhc acid-fed rats which had a similar retention time to 4-0-methyl 
galhc add, but as with many of the peaks, pectral data proved inconclusive.
From these results, it would appear that the test substances were well absorbed; 
metabolites are readily detected in urine, while little, if any, unmetabolised conpound 
is present in faeces extracts.
4.4 Study Four — The Dietary Burden Of Green Tea In 
A Human Subject — A Pilot Study
4.4.1 Study Protocol
A volunteer was asked to maintain a low-phenol diet, whilst consuming a range of 
doses of green tea capsules (containing lyophilised green tea beverage, equivalent to 
one cup). The subject was asked to exclude the following conponents from her diet 
during the test periods, due to their high polyphaiohc content:
Coffee Tea (black and green)
Vegetables Fruits
Beers, wines and pirits Herbs and pices
Chocolate
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The test diet included any foods deemed to have a low-flavonoid content, such as 
bread, pasta (both of the refined ‘white’ variety) and dairy products. Table 4.8 
outlines the plan for Study Four.
Day Pattern Urine collection
1 adjustment X
2 adjustment X
3 adjustment X
4 adjustment X
5 control y
6 dose /
7 dose /
8 dose y
9 dose /
10 dose
The pattern was rpeated a further three times, to give a total of four levels of dosing. 
Attenpts were made to supply the doses randomly, so that any effects of metabohc 
adaptation to the capsules were minimised :
Period 1 : 
Period 2: 
Period 3: 
Period 4:
12 capsules / day 
18 capsules / day 
24 capsules / day 
6 capsules / day
Between each of the four ten day periods, the subject was allowed two resting weeks, 
where her normal diet was resumed. During the dosing periods, capsules were taken 
at regular intervals throughout the day. Each urine collection rpresented a 24 hour 
period (second voiding of one day to the first of the next day, inclusive). Urine was 
collected into a plastic container containing 10 ml hydrochloric add (4 M) and k p t  at 
4 °C wherever possible to minimise bacterial degradation of the sanple. Records were 
k p t  of the 24-hour urine-vohunes, an ahquot taken (80 ml) and the pH adjusted to pH 
1 (with hydrochloric add (4 M)). The sanple was shared between four plastic sterilin 
universal bottles and stored at -20 °C.
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In this study, green tea capsules were preferable to green tea brew sinply because of 
the ease in achieving the doses — the consunption of green tea brew would require an 
exact infusion procedure to ensure the same quality of beverage each time, whilst the 
higher doses would require a vast volume of tea to be drunk throughout the day. For 
the added convenience afforded by the capsules, however, the disadvantages were 
twofold.
Firstly, the capsules contain caffeine (capsules containing decaffeinated tea were not 
available). It was seen in Chapter Two, that caffeine conplexes with the flavanol 
gallate esters of green tea — a process which may affect their absorption and 
metabuliüm, modif^dng output of uiiuary metabolites. Additionally, the iugesiiou of 
caffeine, will cause excretion of caffeine metabolites, many of which also absorb at 280 
nnij hence increasing background metabolite ‘noise’ — a 6ctor which the extensive 
dietary modifications were meant to avoid.
It has recently been reported, that whole green tea (Le. caffemated) increases the 
activity of CYP1A2 in rats, whereas decaffeinated tea caused no significant change 
(Chen Qt al, 1996). The typical level of caffeine intake by the subject prior to the study 
and during the resting weeks, was approximately 12 caffeinated beverages/day. If 
similar induction of CYP1A2 occurred in humans, activity might be modified by the 
different levels of caffeine intake, though whether modification of po^henol 
metabolism would occur is not clear .
Secondly, the capsules contained fieeze-dried green tea beverage which had a 6 r  
lower (-)-epigallocatechin gallate content than is usually found in green tea brewed by 
the methods described in Chapter Two. Unfortunately, the information supphed with 
the capsules does not describe the brewing procedure for the tea contained within 
them. Figures 4.13 and 4.14 show the HPLC chromatograms (at 280 nm) of the 
contents of a green tea brew (infiision to the pecifications in Chapter Two) and a 
green tea capsule dissolved in water (100 ml).
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Figure 4.13 Chromatogram at 280 nm of a green tea brew.
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Figure 4.14 Chromatogram at 280 nm of a green tea capsule solution.
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4.4.2 Discussion Of Resuits
4.4.2.1 Seiection Of Urinary Biomarkers Of Green Tea 
Consumption In The Volunteer
Figure 4.15 shows the chromatograms (at 280 nm) of urine from the control period 
and from period two (18 capsules/day). The selection criteria for metabolites are as 
described in Section 3.5.2. Table 4.9 lists the metabolites identified in test urine afier 
green tea capsule consunq)tion by the volunteer.
Table 4.9 Metabobtes detected in urine from volunteer consuming green tea
Metabolite Retention Time Xmax
1 22-6 (220/287)
2 242 (220/285)
3 261 (220/269)
4 321 (220/286)
5 33 4 (220/271)
6 349 (221/271)
7 35 5 (220/285)
8 372 (222/280)
9 39-6 (222/274)
10 426 (222/278)
11 43 6 (223/278)
12 471 (223/278)
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Twelve new peaks appear on chromatograms of urine from the period during Wiich 24 
capsules per day were consumed by the volunteer. All metabolite peaks could be 
detected on urine at the lowest level of consumption (6 capsules/day), except for 
metabolite In_theory, all the peaks could therefore be selected as biomark^s of 
capsule consumption, howeVer many peaks were small at lower levels of consumption, 
making their integration difficult. The largest four peaks were therefore chosen as 
biomarkers of green tea capsule consumption.
4.4.2.2 Formulation Of Dose-Response Curves For The Chosen 
Biomarkers Of Green Tea Consumption in The 
Volunteer
Figures 4.16-4.19 demonstrate the relationshp between level of capsule consumption 
and level of each metabolite. Quantification of metabolite level was achieved by 
determination of the peak area for each metabolite (Section 4.3.3.4), for each urine 
chromatogram for the five days of capsule consumption. These data were normalised 
to account for the differences in urine volume, then the level of mean daily output of 
metabolite was calculated. It is this value (± S.E. mean) that is plotted. Three of the 
cpsule consumption levels (6, 18 and 24 capsules/day) were used to formulate the 
curve, while the fourth (12 capsules/day) was used to validate the method. The peak 
area for this level is shown as a bold dashed line, and the error (± S.E. mean) as fine 
dashed lines.
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Figure 4.16 Green tea capsule dose-response curve: metabolite 2.
2.0 - I
1.8 -
1.6 -I«
I
I
1.4 -
1.2 - -
1.0 -
0.8 -
H 0.6 -
1
2
0,0
0 3 6 9 12 15 18 21 24
G reen Tea In take  (capsules/day)
Figure 4.17 Green tea capsule dose-response curve: metabolite 3.
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Figure 4.18 Green tea capsule dose-response curve: metabolite 4.
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Figure 4.19 Green tea capsule dose-response cnrve: metabolite 5.
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From the four curves, mean input (Le. consunq)tion) is estimated to be 11 capsules/day 
(to the nearest \\hole capsule). Considering that only three data points were plotted to 
formulate the four input/output curves, the final estimated input value is in good 
agreement with the actual ingested dose of 12 capsules/day. The shapes of the curves 
are similar to those obtained in Study Three, hence the reader should refer to section 
4.S.3.4 (page 170).
4.5 Concluding Comments
This chapter has provided some very pleasing resuhs. From Study Three, it is clear 
that closely related flavonoids (e.g. (+)-catechin and (-)-epicatechin) are metabolised 
to give chromatographically different urinary metabolites. These metabolites can be 
used as specific biomarkers of consunq)tion (of the parent confound) which allow the 
formulation of accurate input/output dose-req)onse calibration curves.
These initial studies illustrate the potential of biomarker quantification for flavonoid 
input estimation. Once an input/output curve has been constructed, the method of 
metabolite quantification is smq)le, accurate and non-invasive. However, it should be 
stressed that the two studies described in this chapter required a great deal of dietary 
intervention to formulate the dose-response curves. Minimal flavonoid mputj was a 
prerequisite for a low baseline of 280 nn>absorbing conq)ounds firom endogenous 
metabolism. While the use of a purified (CIO) diet achieved this requirement in rats, a 
correspondingly sinq)lifled diet for the volunteer was more difficult to maintain and 
could not be guaranteed to be flavonoid-free. Should this type of study be repeated, 
the subject of diet would need to be addressed more fully, to ensure a correct baseline 
was achieved before any feeding study was initiated. The effect of dietary modification 
on cytochrome P450 isoenzyme activity should also be considered (section 3.7), 
should the use of dose-response curves prepared under such controlled dietary 
conditions be extrapolated to the fi:ee living state.
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Finally, it should be noted that an interesting difference in apparent metabolism of the 
three flavan-3-ols was observed. The evidence obtained in Study Three did not 
suggest any major variation in the metabolism of (+)-catechin ffom that reported 
previously. Whilst (—)-epieatechni appeared to be metabolised in a simijar way, there 
was little indication that (-)-epigallocatechin gallate was metabolised in this manner. 
Certainly, absorption and subsequent hydrolysis of the gallate moiety was suggested, 
but ring-fission was not. The reported physiological activity of (-)-epigallocatechin 
gallate (Chapter One) might therefore be due to an intact flavonoid metabolite of this 
substance. Since the gallate-hydrolysed form of this conq)ound is (-)-epigallocatechin, 
it would be interesting to assess physiological activity associated with this compound.
Five
Urine Analysis By Proton 
(*H) NMR Spectroscopy
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5.1 Introduction
Chapter Four demonstrated that accurate calibration curves could be constructed, 
Wiich linked peak areas on urine chromatograms with the amount of (-)-epicatechin 
consumed by rats or the arnount of encapsulated green tea flavanols consumed by a 
volunteer.
Nuclear magnetic resonance (NMR) spectroscopy is a technique most often associated 
with structural analysis of pure organic compounds. The relative absorption of energy 
(of radio frequencies) by nuclei of certain elements in an applied magnetic freld 
(resonance), provides information about their chemical environment. Isotopes of many 
elements can be detected by NMR, although the high natural abundance of the proton 
(^H : 99*985 %) and its ubiquity among organic substances, makes it a common 
choice. When NMR is apphed to conq)lex mixtures of conpounds, e.g. urine, 
structural analysis of each component becomes more difficuh, due to signal overlap, 
but even an inconpletely resolved spectrum provides a conposite profile of the 
constituents. In addition, the signals are quantitative.
Urine profiling by NMR (using ratios rather than absolute values) has gained 
popularity in çhnical fields, depite being less sensitive towards individual corrpounds 
(detection limits approximately 0*1 mM) than other analytical techniques such as HPLC 
(detection limits approximately 0*01 mM or less). All biological corrpounds contain 
protons, hence each urine conponent will contribute to a NMR pectrum  At the 
cost of slight loss in sensitivity, important gains are made, by the wealth of extra 
information available from the H NMR pectrum — Le. not only about the conponent 
of interest, but about the physiological state of the donor. Abnormally high NMR 
signals from certain endogenous conpounds in urine, can aid detection of inborn errors 
of myetabolism (e.g. diabetes), monitor drug intake (e.g. paracetamol) and indicate 
kidney damage (Bales et al, 1984).
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Accordingly, in addition to using NMR in its conventional mode, it was anticpated 
that it might present an ideal tool by \ ^ c h  urinary flavonoid metabolites might be 
quantified, vMist potentially providing information regarding the overall physiological 
state of the consumer (should other urine parameters be altered). Analysis o f  urine 
sanples collected during Study Three (Chapter Four) fi*om the (-)-epicatechin-fed rats 
and green tea capsule-fed volunteer will therefore be made by H NMR
5.2 Materials And Methods
5.2.1 Materials
Deuterium Oxide (D2O), DSS and sodium formate were obtained firom the Sigma 
Chemical Conpany Ltd (Poole, Dorset, UK).
5 .2.2 Methods 
5.2.2.1 Introduction To Proton (^ H) Nuclear Magnetic 
Resonance Spectroscopy
The atom can be considered very sinply as a positively charged nucleus surrounded by 
a cloud of negatively charged electrons. Many nuclei rotate around their axis — Le. 
possess "pin’ (angular momentum), \^liich is characterised by a p in  quantum number, 
L For nuclei having 1 = 0, (Wien mass number and atomic number are both even), then 
there is no pin, hence no dpole — precluding their detection by NMR A magnetic 
dpole results firom rotating charge, but in the absence of an external magnetic field, 
orientation of the pin-axis is random
For the proton (^H), Wiere I = Vi, there are two possible stable orientations relative to 
an applied magnetic field (Bo) (the number of possible stable orientations given by the 
relationshp 21 + 1). The lower energy state is adopted when the dpole of the nucleus
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is aligned parallel to Bo and the higher, Wien alignment is anti-parallel The transition 
between these levels, can be induced by energy input; lower -> higher level 
correponds to an absoption of energy, whilst higher -> lower results in an (equal) 
induced enûssionjof energy. If population of the energy levels were equal, there would 
be no net transfer of energy from the radiation to the sanple. However, the lower 
energy state is frvoured slightly over the higher, hence there is net absoption of 
energy at a certain frequency (vo), to give the NMR signal The frequency (vo) of the 
input energy at Wiich the signal occurs, is termed "resonance frequency’ and 
correponds to an induced magnetisation in the plane pependicular to Bo and this 
induced magnetisation is detected by the receiver coil of the pectrometer. The low 
sensitivity of NMR conpared with detection by UV absoption (the method of 
detection used for HPLC analysis in chapter four), is due to the very small difference in 
population between the two energy levels and hence possible NMR signal
If all protons in a sanple were to eperience the same magnetic field (Bo), they would 
require energy input at the same resonance frequency to make the transition between 
energy levels, giving a single, hence uninformative signal
The electron of a H atom circulates about the proton and because of its charge, acts 
as an electric current Wiich produces a magnetic field at the nucleus Wiich opposes the 
apphed field. Bo This nucleus therefore eperiences a reduced overall field and is said 
to be shielded (by the electron), hence a lower input of energy is required for 
resonance (Le. this nucleus has lower resonance frequency). The degree of shielding 
eperienced by the protons of a sanple, is therefore dependent on the proximity of 
each to electrons. This phenomenon provides the basis of structure determination by 
NMR — protons in different chemical environments have different eposure to 
electrons, different resonance frequencies and produce discrete signals.
The degree of shielding eperienced by a nucleus is defined by the term "chemical shift’ 
(5) and is epressed in relation to the nuclear shielding eperienced by protons in a 
reference conpound. For H NMR, the usual reference conpound is tetramethylsilane 
(TMS). This conpound has twelve protons in equivalent environments (Le. they all
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eperience the same degree of nuclear shielding). Chemical shift is therefore defined 
as:
ice
Brefereace : magnetic field at the reference nuclei (in TMS) 
Bsampie : magnetic field at the sanple nuclei
Since the firequency of transition (v) is defined by : 
and for all protons, y is a constant, so v = B, and.
e _ ( r^efeence s^ample ) , ^ 6
oscillator frequency (Hz) ^
Electronegative g rops or atoms bonded to protons, draw the electron away fi:om the 
nucleus, hence deshielding the proton (therefore it eperiences an increased overall 
field and has a higher resonance firequency and higher value of 6). Particularly 
inportant in the observation of aromatic conpounds such as flavonoid metabolites is 
the effect of the aromatic ring(s) — delocalized (n) electrons act together to form a 
ring-current. Which opposes the apphed field within the ring, though conplements the 
apphed field outside the ring (hence protons attached to the outside of the ring are 
deshielded). The resuhant characteristic chemical shift for aromatic protons is 6-8 
ppm, and it would be within this region of a H NMR pectrum of urine, that signals 
firom aromatic conpounds including flavonoid metabolites might be epected. This is 
fortuitous, since this region of a H NMR pectrum of normal urine is virtually firee of 
signals.
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Figure 5.1 Layont of the NMR Spectmm.
From the previous discussion, it was seen, that two variables mediate the resonance of 
a nucleus — the strength of the apphed magnetic field, and the fi'equency of input 
energy to the sanple. At constant strength of apphed magnetic field, to bring ah the 
protons in a sanple into resonance, energy must be supphed to the sanple over a range 
of fi-equendes which wih enconpass the resonance firequendes of ah protons in ah 
types of enviromnent (degree of shielding by electrons). NMR pectrometers may 
satisfy this requirement by supplying either a continuous wave of energy, which sweps 
over the conplete fi'equency range, or may supply a short pulse of energy (at a single 
fi'equency, close to the resonance fi'equendes of the nucld of interest), Wiich is 
absorbed by ah nucld present. As the nuclei return to their equilibrium state, they emit 
signals — this fi*ee induction decay (FID) of the sanple is measured rpeatedly (by 
rpetitive input of energy pulses, and subsequent cohection of emitted signals), and 
serves to enhance the pectrum, since signals fi:om the sanple are summed, producing 
a diproportionate inprovement in the signal to noise ratio.
For the epeiiments outlined in this chapter, the latter method of excitation is used — 
the signal detected as the protons return to equilibrium fohowing excitation by a pulse 
of r.f. radiation (intensity as a fimction of time) is recorded, digitised and converted 
(Fourier transform) to the form of intensity as a fimction of fi'equency.
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5.2.2 2 Sample Preparation
From Section 5.2.2.1, it is clear, that NMR will produce a signal from water and 
due to the large proportion of water in biological sanples, signals from less plentiM 
constituents are swanped. There ^re a number of ways of suppressing the signal from 
the protons of water but for this analysis a combination of two achieved good 
suppression:
(i) The hydrogen atoms of water (^H) are selectively rplaced with deuterium atoms 
(^H). The sanple is firstly lyophilised to remove the bulk of the water, then the 
sanple is redsissolved in D2O rath^ than H2O. AU exchangeable protons of 
conpounds contained in the solution — e.g. protons of hydroxyl groups, are also 
exchanged for ^H, rendering them "invisible’ to NMR, hence producing a more 
sinple pectrum
(h) A pulse of energy is apphed to the sanple, prior to data cohection, eploidng the 
longer relaxation time of water protons (back to the natural shghtly uneven 
population of the high and low energy levels Wiich can potentially give rise to a 
signal), than that of larger molecules. A second pulse perturbs the sanple during 
this time, and since the protons of water are unable to produce a signal, proton 
signals from other conpounds are easily seen.
Ah urine sanples were provided by the two studies described in detah in chapter four. 
Ahquots (10 ml) of each urine sanple were lyophilised, then reconstituted in 2 ml of a 
5 mg/ml solution of sodium formate in D2O. In this solvent, formate (HCOO~) gives a 
downfield signal (due to electron wididrawing properties of the carboxyl group) 
appearing at 8*22 ppm (shift-referenced to DSS at 0 ppm) beyond the majority of 
aromatic protons. This enabled urine signals to be shift-referenced to DSS without 
addition of this conpound to the urine sanples, by reference to the formate peak at 
8*22 ppm The area of proton signals is quantitative — by adding a known amount of 
formate as an internal standard ahows the size of other peaks (or groups of peaks) in 
different sanples to be conpared with considerable precision. Ah sanples were then 
lyophilised once more and reconstituted in 2 ml of D2O. Proton NMR was performed
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on these sanples (at 298 K), using a Bruker AC-300E pulse Fourier-transfonn 
pectrometer, operating at 300 MHz.
5.2.2 3 Fractionation Of Urine For Conventional NMR
An aliquot (20 ml) of each test urine from Study Three (Chapter Four), together with a 
sanple of human urine (24 capsules/day) from Study Four (Chapter Four) \yere 
lyophiHsed, then reconstituted in 6 ml RO. water. HPLC analysis was carried out as in 
Section 4.2.2.3 — the only modifications being to increase the injection volume to 300 
|il and to omit formic add and ethanolamine from both solvents. Muhple injections 
were made and the eluting solvent collected using a Foxy Junior fraction collector. 
Sixty four fractions were collected, each representing one minute of the total run time. 
The collection process was overlaid repeatedly, so the fraction tubes eventually 
contained the eluting solvent for the same one minute time slice of each run. Thus for 
each peak of each HPLC chromatogram of the five different urine sanples, there was a 
correponding sanple of the conpound giving rise to that particular peak. These 
fractions were analysed for purity by HPLC prior to NMR analysis (sanple preparation 
as in Section 5.2.2.2).
All necessary standard pectra were prepared in D2O and H NMR pectra were 
obtained under the conditions described in Section 5.2.2.2. For reference, these 
pectra are in diplayed in Appendix Three.
5.3 Discussion Of Resuits
5.3,1 Normalisation Of Expérimentai Data
The data obtained from the NMR eperiments were in the form of 16 374 data points. 
For ease of data handling, these were reduced to (usually) 8187 points. To normalise 
the data for differences in the number of FlDs (free induction decays) collected for
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each eperiment, the formate reference signal at 8*22 ppm, was adjusted to a value of 
10 xlO .^ To normalise each eperiment for basal metabolism and the concentration of 
the urine collected, the signal at 3*11 ppm from the methyl group of creatinine was 
used-to provide an internal reference. For the rats, it was apparent, that the creatinine 
signal-height of the formate-normalised data was approximately proportional to 
bodyweight. By muhplying the data so that the ratio of creatinine signal-height to 
bodyweight = 1, the data were normalised. For the volunteer, it was known that 
bodyweight had not changed significantly, hence data were normalised so that 
creatinine peak heights were equal
5.3.2 Effect Of Flavonoid Consumption On Urine Profiie in Rats
Figure 5.2 (see following page) shows the region between 6*0 and 8*0 ppm from the 
NMR pectra of test urine sanples from Study Three (outlined in Chapter Four). 
Protons attached to aromatic rings are shielded to the degree Wiereby their chemical 
shifts 611 within this region, hence analysis of this part of the pectra is the primary 
objective.
The first step in intepreting the data was to scan by eye each conplete pectrum, 
attenpting to rekte particular peaks to characteristic signals in standards (Appendix 
Three) (Wiere avaikble) or to previously published data (Nicholson and Wilson, 
1989). Conparison with published data, however, does necessitate a degree of 
discretion due to shift-variation of certain signals with sanple pH (Bales, et al 1984). 
Signals characteristic of certain endogenous conpounds (e.g. creatinine, citrate, etc.) 
were rektively easy to locate and are indicated by annotation on the relevant figures.
Signals were located in test urine pectra that were consistent with the presence of 
fiavonoids or their metabolites (reported in the literature). Some of the signals 
appeared to be unique to one of the test substances used in this study, whereas others 
appeared to be common to several Generally, all of these signals appeared to be 
broader than seen in pure conpounds almost certainly indicating that several rekted 
substances were giving similar and overkpping signals.
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Figure 5.2 H NMR spectra of rat test urines (* see text).
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The metabohsm of (+)-catechin to 3-hydrox)hÿpuric acid in rats, is documented in 
Appendix One. Signals between 7*50 and 7*85 ppm appeared to be consistent with the 
aromatic rmg protons of hippurate (with regard to the annotation of urine spectra 
-reported in-literature (e g. Bdes et al, 1984)). The similarity of the spectra for 
h%)puric add and 2-hydrox)bippuric add (Appendix Three) demonstrate how the 
broadness of the urine signals might suggest that they are not from 'sinple' hppuric 
add (benzoyl glycine), but from a number of similar conpounds. Accordingly, for 
sinphdty, annotation on the figures in this chapter denotes signals characteristic of the 
hppuric add pectrum (Appendix Three) as '* hippurate' signals. It riiould, however, 
be appreciated that these signals may arise fiom other hppuric adds (e.g. hydroxylated 
forms), or even uou-coiijugated phenolic adds. The inability to differentiate between 
these different, but related conpounds necessitates this slightly ambiguous notation.
Whatever the origin, these signals demonstrate the involvement of ring fission in the 
metabolism of the test conpounds. On all pectra of test urine, these signals are 
increased conpared with those on pectra of control urine, hence this is in contrast to 
the evidence given in Chapter Four, for the absence of ring fission in (-)- 
pigallocatechin gallate metabolism. Hppurates, produced by the conjugation of 
benzoic adds with glycine (a common phase II pathway) and present at low levels in 
control urine, would not have been designated a metabolite by the criteria used in 
Chapters Three and Four, but since the rise in urine levels of this conpound are so 
definite, any dose réponse requires examination.
From literature (Appendix One) and the work described in Chapter Four, the major 
metabolites of (+)-catechin in rats are ghicuronide/sulphate conjugates of 3'-0-methyl - 
(+)-catechin. With regard to the H NMR pectrum of (+)-catechin in Appendix 
Three, B-iing protons give signals at 6*90 ppm, \riiilst A-ring proton signals are at 
6*05 ppm (C-ring protons appear in the alphatic region of the pectrum). There is a 
prominent signal on the pectrum of urine fiom the (+)-catechin fed rat, which is 
consistent with B-ring protons, though no evidence of A-ring protons is apparent. 
Similarly, there are signals at 7*00 ppm on the pectrum of (-)-picatechin (Appendix 
Three) — also B-ring protons (though slightly modified fiom those seen for (+)-
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catechin because of the difference in stereochemistry at C-3) and A-ring proton signals 
are again at 6*05 ppm Should metabolites of (-)-epicatechin retain the flavonoid 
structure of the parent compound (as with (+)-catechin), the signals at 6*95 ppm on the 
. urinc-pcctrum of urine fiom the (—)-epicatechin-fed rat _wOuld_be in .accord with 
signals ffom B-ring protons. As with (+)-catechin, no signals from A-ring protons (at 
6*00 ppm) were noticed.
There were no conparable signals on the pectrum of urine ffom (-)-pigallocatechin 
gallate, but the additional hydroxyl group at the 5'- position would aher the pattern of 
B-ring signals, hence without a pectrum of (-)-pigallocatechin gallate, no conclusion 
can be drawn as to the presence of an intact flavonoid backbone in metabolites of this 
conpound.
The major metabolite of galhc add rported in literature (Booth, 1959) and identified 
in Chapter Four, is 4-O-methylgalhc (4-methoxy-3,5-dihydroxybenzoic) add, although 
the presence of a small amount of unchanged galhc add was also detected. Both 
conpounds give a strong signal at approximately 7*1 ppm, which might account for the 
new signal at this position on the pectrum of urine ffom the galhc add-fed rat
Resonances ffom phenohc add metabolites such as 3-hydroxypheny^ropionic add 
(6 7-7 *2 ppm, ^pend ix  Three) if present, are likely to overlap with signals mentioned 
in the previous paragraphs.
The overlap and conplexity of signals ffom intact flavonoid and phenohc add 
metabolites on the H NMR pectra of test urines makes identification of an ideal 
(pecific) biomarker of (-)-picatechin consunption more difficult than with HPLC but 
does not preclude the formulation of dose réponse curves ffom NMR data.
Chapter Five — Urine Analysis By NMR Spectroscopy.___________________ 1 ^
5.3.3 Urine Fractionation For Conventionai NMR
Fractionation of test urine sanples by preparative HPLC was carried out, to obtain 
chromatographically pure metabolite fractions, in order to attenpt structure analysis of 
the individual metabolites, to aid whole-urine pectra elucidation.
In the first instance, the strong formate and ethanolamine signals from the HPLC 
solvents masked any smaller signals, so each fraction was re-fractionated using 
formate- and ethanolamine-free solvents. Though solvent-signals were still strong, 
very small signals, attributed to the metabolite conpounds, were seen on the pectra of 
some fractions. Table 5.1 summarises the results obtained from the ^H NMR pectra 
effractions from the volunteer urine during the 24 capsules/day period.
Table 5.1 Green Tea Urine Fractions (volunteer).
Fraction R.T. (minutes) Amax(nm) ‘H NMR Signal
1 7-7 262 -----
2 11-5 284 -----
3 182 268 singlet (1-7 ppm)
4 25-8 258 —
5 26*8 282 doublet (7*7 ppm) 
doublet (6-9 ppm) 
singlet (1-7 ppm)
6 28-6 266 doublet (7*6 ppm) 
doublet (6*8 ppm) 
singlet (1-7 ppm)
7 342 286 doublet (7-7 ppm) 
trplet (7-5 ppm) 
trplet (7 4 ppm) 
singlet (3*7 ppm)
8 478 275 —
9 50-3 277 singlet (7-7 ppm) 
doublet (7 2 ppm) 
doublet (7 1 ppm) 
singlet (2-3 ppm) 
triplet (L I ppm)
A lthou# fractions 3, 5 and 6 did give âgnals m die aromatic region (see table), all 
were of low intensity. Fractions 7 and 9 gave more promising results. The signal 
pattern of fraction 7 is almost identical to the hppurate signals seen on the pectra of
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test urines from the volunteer (Figure 5.8), but there was not sufficient material 
available to permit structural assignments to be made for the components in the other 
fractions.
5.3.4 Dose Response For (-)-Epicatechin In Rats
The aromatic region of the H NMR spectra of urine from rats consuming different 
doses of (-)-epicatechin are shown in Figure 5.3 (see following page). There are clear 
differences in the profile as dose increases and these can be quantified to formulate an 
input/output curve, as with the HPLC data in Chapter Four. The two signals at 6*500 
and 6*505 ppm (though apparently present also in the spectrum of urine from the (+)- 
catechin-fed rat (Figure 5.2)) were selected as a basis on \\hich to attempt to prepare a 
dose-response curve for (-)-epicatechin. By calculation of the area under the curve 
between the dashed lines (Figure 5.3), these signals are quantified in relation to dose 
(Figure 5.4(i)).
80 - I
I
i
30 -
I 20 -
I 10 -
0 5 10 15 20 25 30 35
(-)-£picatecliiii In take (mg/day)
Figure 5.4(i) Dose-response for (-)-ep:catechm : Area under curve (6*47-6*58 ppm).
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Figure 5.3 H NMR spectra of urine from (-)-EC-fed rat.
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Additionally, firom Figure 5.2, it appears that the signal at 6-95 ppm is absent fi*om the 
pectra of the other test mine samples, hence is also quantified in relation to dose 
(Figme 5.5(i)).
20 -]
18 -
16 -
I 14 -
12 -
10 -
15 20 250 5 10 30 35
(-)-£plcatecliiii In take (mg/day)
Figure 5.5(i) Dose-response for (-)-epicateclim : signal intensity at 6*95 ppm.
In order to test and if possible validate these calibrations, a similar quantification was 
made, of the area under the curve fi*om the H NMR spectra of mine firom a dififerent 
group of rats w^ch consumed an average of 5 mg (-)-epicatechin/day. The results 
(Figme 5.4(ii)), demonstrate that this parameter is an accmate marker of (-)- 
epicatechin consunq)tion. A similar test of vahdation apphed to the signal at 6*95 ppm 
(Figme 5.5(h)), produced a shghtly less accmate estimation of consumption. However, 
since the signals at 6*500 and 6*505 are common to the (+)-catechin urine profile, this 
greater accmacy is acconq)anied by reduced discrimination.
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figure 5.4(n) Validation of dose-response for ( )-epicatechin : Area under cnrve (6*47- 
6*58 ppm).
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figure 5.5(h) Validation of dose-response for ( )-epicatechin : Signal intensity at 6*95 
ppm.
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Figure 5.6 (see following page) diows the region between 6 0 and 0 5 ppm of the H 
spectra of control urine and urine from rats consuming the highest (2 5 mg/ml) dose of 
(-)-epicatechin. The CHz group of hppuric add (and 2-hydroxyhq)puric add) on the 
standard spectra in v^pendix Three gave a signal at 4 13—4 15 ppm. A signal at 4 15 
ppm on the spectrum of test urine (Figure 5.6) increased consistently with dose. Figure 
5.3 demonstrated a similar increase in the aromatic hppurate signal intensities 
correponding to (-)-epicatechin intake, hence the signal at 4*15 ppm might be from 
the glycine methylene of hppurate. It would therefore seem likely that if the 
unidentifred signal is from hppurate, the intensity would increase in proportion to that 
of the hppurate doublet at 7*80 ppm
Figure 5.7(i) plots the variation of the intensities for the hppurate doublet (7*80 ppm) 
and the signal at 4*15 ppm Both increase with elevated consunption of (-)- 
epicatechin, though apparently at unequal rates, wiiich might suggest the two do not 
represent protons from the same conpound.
80 1
A Single* at 4.15 ppm 
■  and #  * fflpporate Donblet at 7.M ppm
I
40 -
A 30 -
10 -
10 15 200 5 25 30 35
(-)-£plcatechlii In take  (mg/day)
Figure 5.7(i) Dose-response for ( )-ep:catechm : signal intensity at 7*80 and 4*15 ppm.
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Figure 5.7(a) Validation of dose-response for (-)-epicateclim : signal intensity at 4*15 
ppm.
Quantification of the 4*15 ppm signal intensity on H NMR spectra of urine fiom a 
différait group of rats consuming an avo'age of 5 mg (-)-^icatechm/day (Figure 
5.7(ii)) shows that this signal is an accurate marker of (-)-epicatechin consunqition. 
However, this signal is also present on the H NMR spectra of urine fiom rats fed the 
other test conq)ounds, (at a similar intensity in urine fiom rats fed (+)-catechin, though 
reduced in urine fiom rats fed (-)-epigallocatechin gallate and galhc add — 
observations which are in accord with the relative intensities of the aromatic hppurate 
signals for the test urines). Therefore, though a definite marker of (-)-epicatechin 
consmrption, hppurate glycine signals wih reflect the burden of many con^onents, not 
just (-)-epicatechin.
5.3.5 Effect Of Green Tea Capsule Consumption On Urine 
Profiie in A Volunteer
‘H NMR pectra were obtained fiom the urine sanq>les produced fiom the green tea 
capsule study outlined in chapter four — Figure 5.8 displays the region between 8*0
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Figure 5.8 H NMR spectra of urine from volunteer.
Chapter Five — Urine Analysis By NMR Spectroscopy.___________________ 203
and 6 0 ppm of the urine profiles. It is immediately apparent, that a rise in hppurate 
levels, (similar to that seen with (-)-epicatechin-fed rats), occurs as the level of capsule 
consunption increases. The capsules contain both (+)-catechin and (-)-epicatechin, 
hence it would _appeaiL that similar ring fission, glycine-conjugation pathways are 
operating, as \^6en rats are fed (-)-epicatechin. It was not possible to obtain capsules 
containing decaffeinated green tea for this study, so unfortunately, caffeine metabolites 
will also be present in the urine. The major metabolites of caffeine (1,3,7- 
trimethylxanthine) in man are the #-demethylation products (1-methyxanthine, 1- 
methyhiric add and AFMU (Amaud, 1993)), but signals firom these metabolites do not 
mterfere with areas of interest on the urine spectra..
The area between 6-05 and 7 05 ppm (Figure 5.8) appeared to contain groups of 
signals \\diich showed a significant rise in intensity with increasing green tea 
consunption. The area under the curve for this region is quantified in Figure 5.9(i), 
and shows an almost linear relationshp to dose. Quantification of the correponding 
area firom the pectrum of urine fi'om the 12 capsules/day dose level allows vahdation 
of this relationshp.
35 q
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G reen Tea In take (capsules/day)
figure 5.9 Validation of dose-response for green tea capsules : (area under curve 
7 05-6*05 ppm.
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The 5 -5-0 5 ppm region of the NMR pectra of urine from the 24 capsule/day and 
control periods are shown in Figure 5.10 (see following page). Two signals were 
found to increase with dose — at 4-15 and 2-15 ppm The former appears to be 
-identical to the signal highlighted on the corresponding region of the spectrum of (-)- 
epicatechin-fed rat urine (Figure 5.6) and as such, a conq>arison of signal intensity with 
the hô>purate doublet (7*8 ppm) is made in Figure 5.11. The dose-intensity relationshp) 
for the signal at 2-15 ppm is also plotted on this diagram
2.4 1
A Sin^et at 4.15 ppm 
#  Singlet at 2.15 ppm 
■  and @ * Hlpparate donblet at 7 .8 9  ppm
2.0 1
1.6 -
ea
A* 1.2 1
5 10 15 200 25
G reen Tea In take (capsules/day)
Rgure 5.11 Dose-response for green tea capsules : signal intensity at 7*80, 4*15 and 
2*15 ppm.
Linear dose-intensity relationships are evident for the three signals. The similarity in 
variation between the intensities of the hppurate doublet and the signal at 4-15 ppm 
should be noted, indicating the possibility that this signal is indeed from hippurate. The 
signal at 2-15 ppm (suggesting a methyl group attached to C=C or C=X or 
aromatic/heteroaromatic ring (Breitmaier, 1993), (possibly a caffeine metabolite) also 
appears to be an accurate marker of (green tea) capsule intake.
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5.4 Concluding Comments
For the detection of metabolites of unknown structure, NMR urine proJBling 
provides a means by Wiich urine sanq)les can be screened, quickly and easily, without 
the necessity for the detailed method development sometimes required in HPLC work. 
Input/output curves formulated from both the parameters of signal intensity and 
integrated area, provided good estimations of actual consunq)tion, though the level of 
accuracy achieved from HPLC data in Chapter Four was not attained. This was 
probably due to the inability to differentiate any signals entirely new to test urines, 
Wien compared with control urines, to the degree of certainty reached with HPLC 
data. Undoubtedly, signal differentiation, hence metabolite identification would be 
inproved by use of a 500/600 MHz instrument.
Six
Concluding Comment
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6.1 General Discussion
Hic primary goal of this research was to assess the possibility of using the biomarker 
method of nutritional assessment to measure the absorption and metabolism of an 
anutrient substance in the diet. Havanols and in particular (-)-epigaILocatechin gallate, 
were selected as appropriate anutrient substances — of wide occurrence, literature 
reports imply that there might be some benefit associated with their consumption (e.g. 
chemoprevention; Table 1.3)).
A method for isolating, in high purity, the major flavanol fi*om green tea was developed 
in Chapter Two. The key steps were brewing, caffeine precpitation and solvent 
partition — this proved able to supply 1 g in four days with a purity of at least 80 %. 
The estimated total cost of reagents (with solvent recycling) phis labour (costed at £40 
per day) phis 100 % overiieads is £350 per gram Commercial prices for (-)- 
epigallocatechin gallate are quoted as £10 000 per gram Although a commercial 
preparation might be of slightly higher purity, the saving afforded by this new method 
is considerable and was a no^ or step 6dlita^g tins project.
Chapter Three described the development of feeding studies and urine analysis to 
enable detection of biomarkers for flavonoid consumption. Quite clearly, a biomarker 
Wiich provides an index of absorption (and subsequent metabolism) is superior to 
quantification of intake. An ideal biomarker of consumption is one Wiich is produced 
from the absorption and metabolism of one substance only. For a group of compounds 
such as flavonoids, possessing only subtle structural (chemical) variation, a high 
proportion of the pathways concerned with their metabolism are likely to be common, 
hence metabolites (biomarkers of consumption, absorption and metabolism) are also 
likely to exhibit little chemical variation. It is therefore visualised that a biomarker for 
such an anutrient conpound may have one of five levels of accuracy, depending on its 
specificity for its precursor(s). For the example of (+)-catechin consumption, a 
biomarker (metabohte) identified in urine may be characteristic of;
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(i) A specific individual conpound (e.g. 3-0-methyl-(+)-catechin ghicuronide is a 
metabolite of (+)-catechin only).
(ii) A group of similar compounds (e.g. 3-hydroxypheny^ropionic add is a metabohte 
of both (+)-catechin and (-)-epicatechin).
(in) Flavonoids generally (fiavanols, fiavonols, anthocyanins, etc.).
(iv) Phenols and polyphenols generally.
(v) Foods of plant origin.
Chapter Four, documented the search for a biomarker of (-)-epicatechin consumption 
in rats, by HPLC analysis of urine. (+)-Catechin is identical to (-)-epicatechin except 
for the orientation of the 3-hydroxyl group. It was assumed that observation of a 
biomarker for (-)-epicatechin, which was not detected on consumption of (+)-catechin, 
would demonstrate that the spedfidty of the biomarker corresponded to level (i) in 
the above scheme. Such a biomarker (metabohte 8) was detected and the accuracy of 
the input/output correlation is shown in Table 6.1. Two other biomarkers of (-)- 
epicatechin consumption were also detected, but their presence in urine also after (+)- 
catechin consumption, reduces their spedfidty to level (h) in the above scheme.
Chapter Five, demonstrated that the aromatic region (6-8 ppm) of a H NMR 
pectrum of urine from (-)-epicatechin-fed rats was substantially different to that of 
urine fiom control rats. However, the complexity of urine, and the likelihood that 
many compounds were present Wiich possessed protons in similar chemical 
environments, meant that biomarkers of pecifidty level (i) could not be distinguished 
unequivocally. Rather, maximum achievable pedfidty tended towards level (h) and 
peihaps (in).
In Chapters Four and Five, several calibration curves relating input (of (-)-epicatechin) 
to output (of a biomarker(s)) were prepared fiom the experimental data obtained using 
rats and their vahdity tested. Ah methods were vahdated by application of the 
formulated curve to urine fiom two rats which had consumed a known mean daily 
amount of (-)-epicatechin (Rat 1: 4-75 mg/day. Rat 2: 5 00 mg/day, mean: 4*875 
mg/day). The performance of these curves is summarised in Table 6.1 (curve efficiency 
relates estimated mean daily output to actual mean daily output).
Chapter Six — Conchiding Comment 209
Table 6.1 Biomarker evaluation for (-)-epicateclim in rats.
Method Biomarker Apparent Level 
Of Specificity 
(iH v)
Mean Estimated 
Output (mg/day) 
(Error Range)
Curve
Efficiency
(%)
HPLC Peak 5 («) 5-67
(4-25-7-15)
86
HPLC Peak 8 (i) 5 20 
(3-90-780)
94
HPLC Peak 10 (Ü) 4-11
(3-00-5-21)
84
'h n m r AUC 
6 47-6 58 ppm
(H) 5-47
(3-75-6-65)
89
*HNMR Signal Intensity 
6 95 ppm
(i) 3-85
(3-25-4-60)
79
‘HNMR Signal Intensity 
4 15 ppm
(iiiHv) 4-47
(3-85-5-10)
92
These results were considered to be very satisfictory and the same basic approach was 
applied to a volunteer. Calibration curves were drawn up, and validated at an input 
level of 12 capsules/day — results and vaHdation are presented in Table 6.2.
Method Biomarker Mean Estimated Output 
1 (capsules/day) | 
{Error Range)
Curve Efficiency 
(%)
HPLC Peak 2 11-75
(10-75-12-90)
98
HPLC Peak 3 11-40
(10-30-12-90)
95
HPLC Peak 4 10-30
(8-40-14-10)
86
HPLC Peak 5 10-70
(9-60-12-00)
90
‘h n m r AUC 
6-05—7-05 ppm
10-75 94
‘h n m r Signal Intensity 
4-15 ppm
12-75 98
‘h n m r Signal Intensity 
215 ppm
11-75 89
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Although applied only to a single volunteer and with only one calibration and 
vahdation, these resuhs are excellent.
Analysis by HPLC was the more specific method, because individual biomarker 
conqxounds could be differentiated. This was not possible with H NMR at 300 MHz, 
but might be at 500 or 600 MHz, since similar specificity has been achieved in studies 
of drug metabolism (Bales et al, 1984)
Estimation of dietary burden fi*om output data, rather than intake data automatically 
conqxensates for day-to-day variations in diet or person-to-person idiosyncrasies in 
metabolism and absorption. It conqxletely avoids any problems associated with diet, 
health or the analytical and logistical difficulties in analysing many foods for Wiat 
might be quantitatively minor components. Changes in metabolism associated with 
medication, peihaps arising fi*om antibiotic treatment interfering with gut-flora 
metabolism, are also accommodated with comparative ease. The approach developed 
here would not however monitor biological effects due to local action in the GI tract 
(e.g. antioxidant protection in the chemoprevention of bowel cancer).
Analysis of output media by NMR is especially attractive because biological molecules 
of great diversity can be detected to provide a composite profile of metabolism Inborn 
errors of metabolism (e.g. diabetes), concomitant drug intake (e.g. paracetamol) and 
pathological states (renal fiihire) can all be assessed by ^H NMR urine analysis, in a 
way unrivalled by any other single method. All might modify metabolism of an 
anutrient, hence all should be assessed in any metabolic study — ahematively if an 
anutrient substance has adverse physiological effects, these also might be detected 
firom distorted profiles.
6.2 Conclusion
An accurate and reasonably precise estimation of the dietary burden of (-)-epicatechin 
in rats and of encapsulated green tea in a volunteer has been made fiom output data 
obtained by HPLC or NMR analysis of urine. It is suggested that for flavonoids, this
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method is superior to any quantification that might be obtained fi:om conventional 
dietary analysis and further investigation in humans is thoroughly justified.
6.3 Suggestions For Further Work
The protocol for the feeding study requires further development. In the first instance, 
the size of test groups of rats was small, hence to obtain statistically reliable results, 
larger numbers should be used. Secondly, a number of factors might modify flavonoid 
metabolism, because of their influence on induction of the P450 isoenzymes. 
Certainly, the following variables need to be assessed in relation to flavonoid 
metabolism and physiological action;
(1) Gender
(2) Age
(3) Quality and dietary proportions of macronutrients in the diet (e.g. glycine required 
for conjugation — deficiency might require alternative pathways to operate)
(4) Medication / food additives — antibiotics disturb gut-flora and phenoHc drugs may 
compete for metabolic pathways (e.g. sodium benzoate, metabolised by glycine 
conjugation (Jackson, 1991))
More immediately;
(1) Urine samples fi*om another study, (investigating the potential protective effects of 
green tea polyphenols (6 green tea capsules/day) in smokers (Quartley, 1996)) are 
in frozen storage. These could be analysed by HPLC and H NMR, and the 
relevant biomarkers quantified, to further vahdate the input/output calibrations 
obtained firom the volunteer in Chapters Four and Five.
(2) An EU study is currently underway, involving animal and volunteer studies of 
pharmacokinetics of complex phenols and tannins. The biomarker methods 
developed here could be utilised in this study, thus broadening the range of 
anutrients used in calibration.
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Appendix Que
Table 1 — Polyphenolic Acids
Metabolite
3-methoxyz4rhydroxy- 
phenylacetic acid
3-hydroxyphenylacetic
acid
3-methoxy-4-hydroxy- 
benzoic acid
3-methoxy-4-hydroxy- 
cinnamic acid
3-methoxy-4-hydroxy- 
phenylpropionic acid 
3,4-dihydroxyphenyl- 
propionic acid_____
4-hydroxyphenyl- 
propionic acid
3-hydroxyphenyl- 
propionic acid
3-hydroxyhippuric acid
vanilloyrglycine
3-hydroxycinnamic 
acid glucuronide
feniloylglycine
3-hydroxycinnamic
acid
3,4-dihydroxycinnamic
acid
4-hydroxycinnamic
acid
4-hydroxybenzoic acid 
sulphate
4-Omethyrgallic acid
catechol
pyrogallol
4-hydroxyphenylacetic
acid
3,4-dihydroxybenzoic
acid
The numbers in the table, refer to the 
publication (listed in the bibliography) 
from which the information has been 
taken.
3-hydroxybenzoic acid
4-hydroxybenzoic acid 
3-methoxybenzoic acid
3,4-dihydroxyphenyl- 
aceticacid
Substance Administered
10 11 12 13 15 16 17
Appendix One_ ^ __________________________________ ü
Nature Of Metabolite
* — major metabolite
A — metabolite absent after pre-treatment with antibiotic 
P — metabolite only seen afier pre-treatment with antibiotic
0  — metabolite only seen aâer oral admin
1 — metabolite only seen after intraperitoneal injection 
G — metabolite absent in germ-free animal
V — metabolite obtained by incubation with gut flora in vitro 
L — metabolite obtained fi'om isolated perfused liver
Substance Administered
1) 3,4-dihydroxyphenylacetic acid — rabbit and rat (oral admin.).
2) 3,4-dihydroxybenzoic acid — rabbit (stomach tube) and rat (oral admin.).
3) 4-hydroxycinnamic acid — rat (stomach tube).
4) 3,4-dihydroxycinnamic add — rabbit (stomach tube) and rat (oral admin, and 
intraperitoneal injection).
5) 3,4-dihydroxycinnamic add — man (oral admin.), no coffee,
6) 3-hydroxydnnamic add — rat (oral admin ).
7) 3 -methoxy-4-hydroxycinnamic add — rat (oral admin ).
8) 3,4-dihydroxyphenyÿropionic add — rat (oral admin ).
9) 3-methoxy-4-hydroxypheny%)ropionic add — rat (oral admin.).
10) 3-hydroxypheny%)ropionic add — rat (oral admin.).
11) 3-methoxy-4-hydroxybenzoic add — rat (oral admin ).
12) Chlorogenic add (quinic acid ester of 3,4-dihydroxycinnamic add) — human (oral 
admin.), no coffee.
13) Chlorogenic add (quinic add ester of 3,4-dihydroxydnnamic add) — rat (oral 
admin ), no coffee.
14) 4-hydroxyphenyÿropionic add — rat (oral admin ).
15) 4-hydroxybenzoic add — rat (oral admin ).
16) Galhc add — rat (stomach tube).
17) Galhc add — rat (intraperitoneal injection) and rabbit (oral admin.).
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Table 2 — Flavonols
Metabolite
3,4-dihydroxyphenylacetic acid
3-hydroxyphenylacetic acid
4-hydroxyphenylacetic acid
3-methoxy-4-hydroxyphenylacetic
acid
3-methoxy-4-hydrox^3enzoic acid
4-hydroxybenzoic acid
3-hydroxybenzoic acid
3-hydroxycinnamic acid
3-hydroxyphenylpropionic acid
isovanillic acid
3-methoxy-4-hydroxyphenyl- 
propionic acid__________
4-hydroxyphenylpropionic acid
kaempfefol
robinin
3,5-dihydroxyphenylacetic acid
myricetin
3,4,5-trihydroxyphenylacetic acid
robinetin
tricetin
tricin
3,4-dihydroxy t^oluene
P-3-hydroxyphenylhydracrylic acid 
quercetin__________________
quercetin glucuronide
quercetin sulphate
double conjugate quercetin— 
glucuronide— sulphate. 2 FORMS
3'-Omethyl-quercetin
3'-0-methyl-querœtm glucuronide
3'-Q-methyl-quercetin sulphate
Substance Administered
10 11 12
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Nature Of Metabolite
* — major metabolite
A — metabolite absent after pre-treatment with antibiotic 
P — metabolite only seen after pre-treatment with antibiotic
0  — metabolite only seen after oral admin.
1 — metabolite only seen after intraperitoneal injection 
G — metabolite absent in germ-free animal
V — metabolite obtained by incubation with gut flora in vitro 
L — metabolite obtained ftom isolated perfused liver
Substance Administered
1) Rutin — rabbit, rat, guinea-pig, humans (oral admin.) and incubation with human 
gut flora in vitro.
2) Quercetin (aglycone of rutin) — rabbit, rat, guinea-pig, human (oral admin.) and 
perfused isolated rat liver.
3) Quercetin — rat (intraperitoneal injection).
4) Quercetin — hamster (intraperitoneal injection), rat chow diet.
5) Kaenqpferol (3,4',5,7-tetrahydroxyflavone) — rat (stomach tube) and incubation 
with rat gut flora in vitro.
6) Robinin (kaertqpferol 7-rhamnosido-3-galactorhamnoside) — rat (stomach tube) 
and incubation with rat and human gut flora in vitro.
7) Robinetin (aglycone of robinin) — rat (stomach tube) and incubation with rat gut 
flora in vitro.
8) Myricetin (aglycone of myricitrin) — rat (stomach tube) and incubation with rat 
gut flora in vitro.
9) Myricitrin — rat (stomach tube) and incubation with rat gut flora in vitro.
10) Tricetin — rat (stomach tube) and incubation with rat gut flora in vitro.
11) Tricin — rat (stomach tube) and incubation whh rat gut flora in vitro.
12) Querdtrin — incubation with human gut flora in vitro.
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Table 3 — Flavanones
Substance Administered
Metabo ite 10 11
3-hydroxyphenylpropiomc acid
4-hydroxyphenylpropiomc acid
hesperitm glucuronide
hesperetm
3,4-dihydroxyphenylpropionic 
acid
3-methoxy-4-hydroxyphenyl- 
propionic acid
3-hydroxycumamic acid
3-hydroxyhippunc acid
3-hydroxyfaenzoic acid
4-hydroxybenzoic acid
3-methoxy-4-liydroxybenzoic 
acid
enodictyol glucuronide
homo-eriodiciyol
homo-enodictyol glucuronide
3-hydroxy-4-methoxyphenyl 
hydraciylic acid
4-hydroxycmnaimc acid
4-hydroxybenzoic acid sulphate
narmgenin
H fSfH I
narmgenin glucuronide
flavan-4a-ol
3-hydroxyflavan-4p-ol
6-hydroxyflavanone
6-hvdroxvflavan-4P-ol
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Nature Of Metabolite
* — major metabolite
A — metabolite absent after pre-treatment with antibiotic 
P — metabolite only seen after pre-treatment with antibiotic
0  — metabolite only seen after oral admin.
1 — metabolite only seen after intraperitoneal injection 
G — metabolite absent in germ-free animal
V — metabolite obtained by incubation with gut flora in vitro 
L — metabolite obtained ftom isolated perfused liver
Substance Administered
1) Hesperitin (aglycone of heqperidin) — rabbit (stomach tube), commercial pellet 
diet.
2) Heqperidin — rabbit (stomach tube), purified diet.
3) Hesperidin or hesperetin — rat (stomach tube), purifled diet.
4) Hesperidin — human, normal diet but excluding coffee and citrus products.
5) Hesperetin — human, normal diet but excluding coffee and citrus products.
6) Eriodictyol — rat (stomach tube), purified diet.
7) Homoeriodyctiol — rat (stomach tube), purified diet.
8) Naringin — rat (stomach tube and intraperitoneal injection), purified, diet.
9) Naiingenin (aglycone of naringin) — rat (stomach tube and intraperitoneal 
injection), purified, glucose fiee diet.
10) Naringin — human (oral admin ), no coffee or citrus products.
11) Flavanone — rat (stomach tube), purifled diet.
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Table 4 — Flavones
Metabolite
3-hydroxyphenylpropionic acid
4-hydroxyphenylpropionic acid
3-hydroxycinnamic acid
4-hydroxycinnamic acid
diosmetin
diosmetin glucuronide (substitution 
not specified)________________
diosmetin-3' 7'-glucuronide
di%metin-3'-glucuronide
4-hydroxybenzoic acid
^gem n
apigenin glucuronide /sulphate
chrysin
apigenin-7-methyl ether
tectochrysin
apiin
4'-hydroxyflavone
3',4'-dihydroxyflavone
Substance Administered
Nature Of Metabolite
* — major metaboHte
A — metabolite absent after pre-treatment with antibiotic 
P — metabolite only seen after pre-treatment with antibiotic
0  — metabolite only seen after oral admin.
1 — metabolite only seen after intraperitoneal mjççtion 
G — metabolite absent in germ-free animal
V — metabolite obtained by incubation with gut flora in vitro 
L — metabolite obtained ftom isolated perfused liver
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Substance Administered
1) Diosmin — rat (stomach tube), purified diet.
2) Diosmetin (aglyeon^ o f diosmin) —  rat (stomaeh tube), purified diet.
3) Apigenin (4',5,7-trihydroxyfiavone) (aglycone of apiin) — rat (stomach tube), 
purified diet and incubation with rat gut flora in vitro.
4) Apiin — rat (stomach tube), purified diet and incubation with rat gut flora in vitro.
5) Chrysin (5,7-dihydroxyflavone) — rat (stomach tube), purified diet and incubation 
with rat gut flora in vitro.
6) Tectochrysin (5-hydroxy-7-methoxyflavone) — rat (stomach tube), purifled diet and 
incubation with rat gut flora in vitro.
7) Flavone — guinea pig (oral admin.) and incubation with bacteria in vitro.
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Table 5 —Miscellaneous Flavonoids
Metabolite
3-hydroxyphenylpropionic acid
4-hydroxyphenylpropionic acid
4-hydroxybenzoic acid
4-hydroxybenzoic acid sulphate
phloretin
phloretin glucuronide
4-hydroxy cinnamic acid
phloroglucinol
4-hydroxyphenyllactic acid
4-ethylphenol
4',7-dihydroxyisQflavan
4-hydroxybenzoic acid ^ ycine 
conjugate
Substance Administered
Nature Of Metabolite
A — 
P —
0  —
1 — 
G — 
V — 
L —
major metabolite
metabolite absent after pre-treatment with antibiotic
metabolite only seen after pre-treatment with antibiotic
metabolite only seen after oral admin
metabolite only seen after intraperitoneal injection
metabolite absent in germ-free animal
metabolite obtained by incubation with gut flora in vitro
metabolite obtained ftom isolated perftised liver
Appendix One____________________________________  x
Substance Administered
1) Fhloridzin (chalcone) — rat (stomach tube and intraperitoneal injection), purified, 
ghicose ftee diet and incubated with rat gut flora in vitro.
2) Phloretin (chalcone aglycone of phloridzin) — rat (stomach tube and intraperitoneal 
injection), purified, glucose fl:ee diet and incubated with rat gut flora in vitro.
3) Phlorrhizin (2',4,4',6'-tetrahydroxydihydrochalcone-2'-P-glucoside) — rat (stomach 
tube) and incubation with rat gut flora in vitro.
4) 6-(3-hydroxy- phenyl)-y-valero lactone — rat (oral admin.), low flavonoid diet.
5) Pelargonin (3,4',5,7-trihydroxyflavylium 3,5-dighicoside -  an anthocyanidin) — 
incubation with rat gut flora in vitro.
6) Genistein (4',5,7-trihydroxyisoflavone) — incubation with rat gut flora in vitro.
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Table 6 Flavanols I Catechlns
Metabolite
3-l^drox^fiëhylpr^onicâcid
4-hydroxyphenylpropionic acid
3-hydroxy hippuric
(+>catechin
(+)-catechin sulphate ( 2 FORMS )
(+)-catechin glucuronide
double conjugate (+)-catechin— 
glucuronide— sulphate______
3-methoxy-4-hydroxybenzoic acid 
3.4-dihydroxybenzoic acid_____
5-(3-hydroxy- phenyl)-y-valero-
lactone_________________
5-(4-hydroxy-3- methoxyphenyl)-y-
valerolactone _____
5-(3,4-dihydroxy-phenyl-y- 
valerolactone
3-hydroxybenzoic acid
sulphate — 3-hydroxyphenyl- 
propionic acid conjugate
glucuronide — 3-hydroxyphenyl 
propionic acid conjugate______
sulphate — 5-(3-hydroxyphenyl)-y- 
valerolactone conjugate________
glucuronide -  5-(3-hydroxyphenyl)- 
-valerolactone conjugate_______
glucuronide -  5-(4-hydroxy-3- 
methoxyphenyl)-y-valero-lactone 
conjugate_________________
glucuronide -  6-(3,4-dihydroxy- 
phenyl>Y-valerolactone conjugate
3-hydrOx.ypheilyl hydracfyllc âcid
4'-0-methyl-(+)-catechin 
glucuronide_________
3'-0-methyl-(+)-catechin 
glucuronide
Table Continued on next page
^stance Administered
Appendix Que XU
continued
3'-0-methyl-(+)-catechin sulphate
l-(3-hydroxy phenyl>3-(2,4,6- 
trihydroxyphenyl>propan-2-ol 
l-(3,4-dihyroxy phenyl)-3-(2,4,6-tri- 
hydroxyphenyl>propan-2-ol~ '
4-phenylacetic acid
4-hydroxyphenylaœtic acid
phenylpropionic acid
phloroglucinol
(-)-EC sulphate
(~>EC glucuronide
(-)-EGC sulphate
(~>EGC glucuronide
29 28
y: :x'::
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39
39
Nature Of Metabolite
A — 
P —
0  —
1 — 
G — 
V — 
L —
major metabolite
metabolite absent after pre-treatment with antibiotic
metabolite only seen after pre-treatment with antibiotic
metabolite only seen after oral admin.
metabolite onfy seen after intraperitoneal injection
metabolite absent in germ-free animal
metabolite obtained by incubation with gut flora in vitro
metabolite obtained ftom isolated perfused liver
Substance Administered
1) (+)-catechin — rat (oral admin.) low-flavonoid diet and incubation with rat gut 
flora in vitro and incubated with isolated perfused hver.
2) (+)-catechin — rabbit.
3) (+)-catechin — guinea pig (oral admin.) low-flavonoid diet.
4) (+)-catechin — man (or^ admin.).
5) (t)-catechin — monkey (oral admin.), low flavonoid diet.
6) . (+)-catechin — pig, isolated perfused liver.
7) Procyanidin B-3 — incubation with rat gut flora in vitro.
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8) (-)-epiafeelechin (4',5,7-trihydroxyflavan-3-ol) — incubation with rat gut flora in 
vitro.
9) ( )-EC — human, as a coicponent of green tea beverage.
10) (—)-EGC — human, as a component of green tea beverage.
Appendix Two
Diet Composition
Appendix Two XIV
GR3 Diet Composition
Ingredient Weight (g/kg diet)
Cereal Products 
— barley, maize, Wieat and \^eatfeed
775
Enqiacted Soya Meal 107
Fish Meal 78
Vitamin And Mineral Supplement 20
CIO Diet Composition
Ingredient Weight (g/kg diet)
Casein 100
Maize Starch 652
Sucrose 100
Maize oil 50
a-CeHulose 50
Mineral Mix 35
Vitamin MGx 8-636
Rovnnix A 500 0-024
Choline Chloride 1-34
dl-Methionine 3
GR3 diet and CIO diet ingredients were supplied by W.M. Lillico & Son Ltd. 
(Betchworth, Surrey, UK).
Appendix Three
*H NMR Spectra Of 
Standard Compounds
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